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GENERAL INTRODUCTION 
This dissertation is divided into four sections. The first section 
deals with the redesign of the small Griggs constant strain rate 
deformation apparatus used to perform the high temperature (T) and high 
pressure (P) deformation of the single crystal sodic plagioclases 
analyzed in this study. The original design had high thermal gradients 
and no means of jacketing the sample to control water content. Water is 
thought to weaken the tetrahedral bonds, increase dislocation mobility, 
and thus reduce the strength of the crystal (Griggs, 1967; Blacic, 1972; 
Hobbs, 1984). A numerical approach based on finite elements was used to 
determine which components contributed to the highest heat loss in the 
original design and to explore numerically new materials and geometries. 
New sample assemblies based on the numerical calculations were then 
machined and tested. These new assemblies were then used in the dry 
deformation experiments on single crystal sodic plagioclase. 
The second section describes the micromechanisms of deformation 
observed in the deformed cores of the sodic plagioclase crystals. Dry 
crystals deformed at 1.0 GPa (10 Kbar) confining pressure over a range 
of temperatures show four distinct mechanisms of deformation. At T < 
800 °C the samples deformed by cleavage fracture and cataclasis, with 
cataclasis becoming more pronounced as temperature increases. 
Deformation twinning occurs in properly oriented crystals at T < 900 °C 
if they have been disordered by high P and T annealing prior to 
deformation. No dislocations were observed associated with the 
2 
deformation twins. At T > 900 °C the samples deformed by 
intracrystalline slip. Four slip systems were identified using 
transmission electron microscopy (TEM). These are the (010)[001], 
(010)[101], (001)1/2[110], and (110)[001] systems. Five other slip 
systems have high Schmidt Factors (SF), but these slip systems could not 
be confirmed. Water lowers the onset of intracrystalline plasticity by 
100 to 200 °C and greatly increases the rate of disordering. 
The third section discusses a mechanism for the enlianced rate of 
disordering observed during deformation experiments compared to the rate 
observed in hydrostatic experiments under the same P and T conditions. 
No difference in the rate of disordering was observed between cores in 
the two orientations. The rate of disordering increased with increasing 
temperature and strain rate. Increasing the strain rate increases the 
dislocation density which in turn increases the contribution of pipe 
diffusion. The activation energy for disordering is similar to the 
activation energy for dislocation creep, suggesting that dislocation 
creep is rate controlled by the interchange of A1 and Si. 
The last section discusses the possibility of deformation twinning 
in partially disordered sodic plagioclase, which is theoretically 
impossible, yet observed in unannealed samples favorably oriented to 
twinning deformed at 900 °C. TEM shows that simple lattice shear occurs 
during deformation along the boundary between the high and low 
structural states. Strain energy appears to enhance diffusion of the 
Al^"*" and Si^"*" cations within tetrahedral sites allowing the sheared 
lattice to disorder while the matrix remains partially ordered. 
3 
Sections II, III, and IV assume the reader has prior knowledge of 
feldspar crystallography and chemistry. Readers seeking information on 
the chemistry and crystallography of the feldspars should read one or 
more of the following general references (Megaw, 1974; Smith, 1974, 1983, 
1987; Ribbe, 1983a). 
4 
SECTION I. 
FINITE ELEMENT ANALYSIS OF A REDESIGNED SMALL GRIGGS CONSTANT 
STRAIN RATE DEFORMATION APPARATUS 
5 
ABSTRACT 
The sample assembly for the small Griggs constant strain rate 
deformation apparatus with a sample size of approximately 2.95 mm by 
7.65 mm, has been redesigned to minimize sample thermal gradients and 
allow sealing of the sample for H2O control. The original design 
(Griggs, 1967) has a temperature drop of 300 °C from the center to the 
ends of the core at a maximum temperature (Tg,g^) of 800 °C, producing an 
axial temperature gradient along the outer 25% of the sample exceeding 
130 °C/mm. Thermal gradients become progressively steeper with 
increasing TQ^^- The new design replaces the tungsten carbide (WC) 
loading pistons with ceramic AI2O2 or Zr02, encases the sample in a 
metal jacket, and moves the graphite furnace away from the sample to 
reduce thermal gradients in the outer 25% to 30 °C/mm for T^^^ up to 900 
°C. The drop in temperature across the radius of the sample is reduced 
from 26 °C to 15 °C at T^^^ " 900 °C. Further reduction in the axial 
thermal gradient to 20 °C/mm and a doubling of the central isothermal 
region can be achieved by increasing the furnace length to twice the 
sample length. A stepped furnace has little effect on the axial thermal 
gradients, 
6 
INTRODUCTION 
The Griggs constant strain rate deformation apparatuses are widely 
used for the high pressure (0.5 < P < 1.5 GPa) and high temperature (T < 
1200 °C) deformation of silicates. Two types were constructed. The 
smaller apparatus has a confining vessel 12.7 mm in diameter, used talc 
as a confining medium and places the graphite furnace directly around 
the sample (Figure la). A second, larger apparatus has a 25.4 ram 
diameter confining vessel which is longer (Tullis and Tullis, 1986). 
The larger confining vessel allows for a larger, jacketed sample and a 
higher furnace-to-sample-length ratio (Figure lb). The previously 
mentioned apparatus is referred to as the small Griggs apparatus in this 
paper due to its smaller confining vessel size compared to the latter 
which is referred to as the larger Griggs apparatus. 
The smaller Griggs apparatus, with a sample size of approximately 
2.95 mm by 7.65 mm versus 5.6 mm by 12.0 mm for the larger apparatus, is 
better suited for single crystal deformation experiments where obtaining 
sufficient quantity or size of a given material is a problem. The 
drawbacks to the smaller apparatus, particularly for sample temperatures 
in excess of 800 °C, are the extreme thermal gradients, dehydration of 
the talc confining medium resulting in nonhydrostatic confining 
pressure, and inability to jacket the sample to control H2O and reduce 
frictional forces along the sample's surface. 
The objective of this project was to investigate materials and 
geometries which would reduce thermal gradients within the sample 
7 
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Figure la. Schematic cross-section, drawn to scale, of the original 
sample assembly for the small Griggs apparatus. The base is 
12.7 mm 
Figure lb. Schematic cross-section, drawn to scale, of the sample 
assembly of the larger Griggs apparatus used by Kronenberg 
and Tullis (1984). The base is 25.4 mm 
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and allow jacketing of the sample in the small Griggs apparatus. 
Thermal gradients have been reduced within the sample in the larger 
Griggs apparatus (Nelson, 1977; George and Christie, 1979; Kirby and 
Kronenberg, 1984), but not in the smaller apparatus. The modifications 
of the larger apparatus do provide a basis for investigating new 
materials and geometries for the smaller apparatus. Given the space 
limitation within the smaller Griggs apparatus, only those materials and 
geometries with the greatest effect on reducing thermal gradients could 
be used. New design modifications include jacketing the sample for H2O 
control (Griggs, 1967; Blacic, 1972; Tullis and Yund, 1980), using 
nonhydrous materials for confining media (at least not juxtaposed to the 
sample jacket), while maintaining a sample length to width ratio of 2:1 
(Poirier, 1985). Only metal jackets have the mechanical and chemical 
stability needed for the high temperatures (up to 1200 °C) of these 
experiments. The resistance graphite furnace must be insulated from the 
conductive metal jacket (Figure lb). Alkali halides are preferred as 
confining media since they flow readily at high temperatures and 
pressures and do not dehydrate like hydrous materials such as talc which 
cause an anvil effect (Mirwald, Getting, and Kennedy, 1975; Kolle, 
1980). Boron Nitride (BN) is an acceptable alternative at higher 
temperatures where partial melting of the alkali halides occurs (Edmond 
and Paterson, 1971). 
9 
APPROACH 
Thermal analysis was performed numerically using the finite element 
thermal analysis program ADINAT. Numerical analysis allows for inexpen­
sive and rapid determination of the extent to which new materials and 
geometric designs reduce thermal gradients without compromising the 
mechanical properties of the original design, in particular the machine 
stiffness. Contouring the temperatures obtained by the various 
numerical models allows visual inspection of the thermal gradients 
throughout the sample and determination of the size of the isothermal 
region. Once the design was determined, the new sample assemblies were 
built. Experimentally determined temperature profiles were then 
compared to the numerical ones. 
A calculation mesh, the boundary and initial conditions, and the 
material properties must be input to ADINAT. The calculation mesh 
describes the geometry of the materials and their relationship to the 
boundaries of the problem to be solved. Due to the axial symmetry of 
the sample assembly, an axisymmetric element was used. All calculations 
assume steady state heat flux and no heat flow is allowed across the 
center line of the mesh. The effect of the thermocouple is ignored. 
Thermal boundary conditions were measured experimentally by placing 
thermocouples at various locations within the sample assembly and allow­
ing the heat flux to reach a steady state. Power input to the graphite 
furnace was varied to check the variability of boundary temperatures 
over a range of 800 °C to 1000 °C. Boundary temperatures varied 
10 
linearly from 250 to 300 + 11 °C over this range for the top, bottom, 
and sides. 
Material properties were obtained from manufactures' specifications 
or standards Tables (Table 1). Temperature dependence on thermal con­
ductivity of the materials was ignored. Thermal conductivities of 
materials determined at high temperatures were used when available. 
Errors introduced by ignoring temperature dependence of the thermal 
conductivity should be very small for those materials which show a weak 
temperature dependence on thermal conductivity since the difference in 
thermal conductivity between materials can be one to two orders of 
magnitude". The graphite furnace is assumed to be the only heat 
generating material. 
Numerical calculations were verified for the small Griggs by 
comparing experimentally determined temperature profiles using multiple 
thermocouples for maximum sample temperatures (T^ax) up to 800 °C. 
These calibration experiments correspond well with temperature profiles 
determined by Carter and Ave Lallemant (1970) using the same technique. 
Experimentally measured sample temperatures at the bottom, middle, and 
top correspond within + 10 °C of the numerical calculations. 
Uncertainty in locating the thermocouples relative to the sample 
prohibit greater accuracy. The small size of the smaller Griggs 
apparatus prohibits placing a thermocouple through a hollowed sample to 
check experimentally the axial and radial thermal gradients in the 
manner done by Kirby and Kronenberg (1984). Numerically calculated 
thermal gradients for the larger Griggs apparatus compare well to those 
11 
experimentally determined by Kronenberg and Tullis (1984). Direct 
comparison could not be made since only a schematic of the 970 °C 
990 °C isotherms was given. 
12 
Table 1. Compilation of thermal properties of materials used in the 
Griggs apparatus sample assembly. Unless specified, thermal 
conductivities were determined at 25 °C 
material density thermal specific Reference 
type (g/cc) conductivity heat 
(cal/s cm °C) (cal/°C g) 
alumina 3 .8 0 .02 (600) 0 .240 Clark 
BN 1 .90 0, .065 (800) 0, .441 Union Carbide 
Cu 8 .392 0 .840 (500) 0 .092 CRC 
graphite 1 .70 0, .150 (900) 0, .360 Ultra Carbon 
NaCl 2 .163 0, .017 0, ,190 CRC 
Ni 8 .911 0 ,198 (100) 0, ,106 CRC 
Pb 11, .342 0, ,082 (100) 0, ,031 CRC 
Pt 21, ,45 0, ,185 (927) 0. ,0317 CRC 
pyrophy. 2, ,845 0, ,007 (100) 0. 22 Clark 
albite 2, ,62 0, ,005 (400) 0, 240 Clark 
steel 7. ,74 0, 066 (400) 0. 145 Brandes 
talc 2. 79 0, 007 0. 22 Clark 
WC(883) 15. ,00 0, 250 0. 153 General Electric 
zirconia 5. 6 0. 0022 (1093) 0. 150 Zirconia Corp. of 
America 
13 
DISCUSSION 
Figures 2a to 2c show isothermal contours superimposed on cross 
sectional half views of the original talc sample assembly for the 
smaller Griggs apparatus. The values used for internal heat generation 
of the calculations were set to obtain a of 800 °C, 900 °C, and 
1000 °C + 1 °C. The higher thermal gradients, shown by closer spaced 
isotherms, are concentrated in the sample with the highest gradients 
near the ends of the sample. This is to be expected since Cu and WC 
(tungsten carbide) have very high thermal conductivities compared to the 
sample (Table 1). The shorter WC end piston and more insulating talc at 
the base of the sample results in slightly lower thermal gradients at 
the bottom of the sample relative to the top. The thermal gradients 
become steeper with increasing To^^-
Figure 3 shows the contoured solution to the numerical calculations 
for the larger Griggs apparatus (Figure lb) for a T^^^ of 900 °C. 
Comparing this design to the smaller Griggs apparatus (Figure 2b) for 
the same 900 °C T^^^ shows that the steepest thermal gradients are 
concentrated in the zirconia loading pistons instead of the sample. The 
isotherms are also straighter in Figure 3, indicating a lower radial 
temperature drop in the larger Griggs apparatus compared to the smaller 
Griggs apparatus (3 °C versus 26 °C). The most notable design 
difference between the larger and smaller sample assemblies are the 
ratio of the furnace to sample length (2.5:1 versus 1.2:1), radial 
distance between the furnace and the sample, and a thick metal jacket 
14 
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numerically for a ~ 800 °C, superimposed on an 
axisymmetric cross-section of the original smaller Griggs 
sample assembly. Effect of the thermocouple is ignored 
Figure 2b. Same calculation mesh used in Figure 2a for a 900 °C 
Figure 2c. Same calculation mesh used in Figure 2a for a of 1000 °C 
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Figure 3. Contoured isotherms at 100 °C intervals, determined 
numerically for a ~ 900 °C, superimposed on an 
axisymmetric cross-section of the larger Griggs sample 
assembly shown in Figure lb. Effect of the thermocouple is 
ignored 
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around the sample. A longer furnace-to-sample ratio results in heating 
the loading pistons, which reduces the sample thermal gradients. Moving 
the furnace away from the sample results in the steeper radial thermal 
gradients closer to the confining vessel wall. The thick metal jacket 
around the sample also helps to lower thermal gradients within the 
sample since the metal jacket, with a high thermal conductivity, 
redistributes heat which was unevenly conducted through the confining 
media. 
It is readily apparent from Figures 2a to 2c that the WC pistons 
act as heat sinks at the ends of the sample. The Cu ring, which is 
integral to completing the electrical circuit within the sample 
assembly, also appears to contribute substantially to heat loss. 
Replacing the WC pieces with a high strength ceramic, AI2O3 or Zr02, 
which has a thermal conductivity one to two orders of magnitude lower 
than WC, substantially reduces heat loss at the ends of the sample. 
Substituting a ceramic piston for the lower WC piston is not a viable 
alternative since heating is being performed via a graphite resistance 
furnace and the lower WC end piece is necessary to complete the 
electrical circuit, A doughnut shaped metal end piece could be used to 
complete the electrical circuit. Moving the graphite furnace away from 
the sample allows a Cu ring with a larger inner diameter hole to be used 
and enables the sample to be jacketed with metal since the metal jacket 
and the furnace can be separated by an insulator (Figure 4). There are 
two drawbacks to the design shown in Figure 4. The first problem is 
that the ceramic end piston abuts the softer steel endpiece and 
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Figure 4. Contoured isotherms at 100 °C intervals, determined 
numerically for a - 900 °C, superimposed on an 
axisymmetric cross-section of the smaller Griggs sample 
assembly in which Zr02 replaces the WC end piston directly 
under the sample, a metal sleeve is placed around the 
sample, and the furnace is moved away from the sample. The 
inner confining medium is NaCl or BN 
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compromises machine stiffness. Secondly, one of the purposes of the Cu 
ring is to prevent migration of Pb, which is used as a pressure 
transferring medium from the outer loading ram to the confining medium. 
Migration of Pb along the loading piston to the sample jacket was found 
to short the electrical circuit. 
In order to use ceramic loading pistons and maintain machine 
stiffness while working within the constraints of the present confining 
vessel, in particular its 25.4 mm length, it was necessary to use WC end 
pistons and shorten the sample length from 0.765 cm to 0.66 cm. The 
difference between sample lengths allows a short ceramic end piece to be 
inserted between the WC end piston and the sample. The short end piece 
acts as an electrical and thermal insulator between the sample and its 
surrounding metal jacket and the WC end piston. Figure 5 shows the 100 
°C isotherms for this model for a T^^^ 900 °C. The radial 
temperature drop for a T^^^ of 900 °C is nearly identical for the two 
sample assemblies shown in Figures 4 and 5 (14.5 °C versus 15.5 °C). The 
furnace was placed closer to the sample and made narrower (compare 
Figure 5 to Figure 4) to reduce the power necessary to achieve T^^x (see 
Appendix). 
Modifying the smaller Griggs apparatus for a longer confining 
vessel (Figure 6) allows the use of longer ceramic pistons and a higher 
furnace-to-sample ratio (2.1:1) which would further reduce axial and 
radial thermal gradients in the sample approaching those for the larger 
Griggs apparatus. 
The temperature distributions along the outer surface of the sample 
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Figure 5. Contoured isotherms at 100 °C intervals, determined 
numerically for a - 900 °G, superimposed on an 
axisymmetric cross-section of a modified smaller Griggs 
sample assembly. In this assembly, the sample is shortened 
by 1 mm. AI2O2 or Zr02 is placed at the bottom of the sample 
to insulate the metal jacket from the WC end piston. The 
graphite furnace is moved slightly closer to the sample and 
made thinner to reduce power for high temperature runs 
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for models shown in Figures 2 to 6 for of 800, 900, and 1000 °C 
respectively are compared in Figures 7 to 9. In order to make direct 
comparisons, sample lengths were normalized. The old design (Figure 2) 
for the smaller apparatus has a very small nearly isothermal region (T > 
Tmax • 20 °C), approximately 20% of the total sample volume for " 
800 °C. The isothermal region decreases with increasing Adding 
ceramic pistons increases this region by 35% for a T^^^^ of 800 °C to 
1000 °C. Increasing the furnace-to-sample ratio and using the ceramic 
pistons more than doubles the nearly isothermal region. The temperature 
of the ends of the sample are increased by over 100 °C using ceramic 
pistons instead of WC and by nearly 200 °C by lengthening the furnace 
(Figure 8). 
Analysis of sample temperature profiles shows that the original 
design for the small Griggs apparatus has very high thermal gradients 
near the ends of the sample. For a T^^^ ~ 900 °C, the thermal gradient 
averaged over the 25% of the sample near the ends is 180 °C/mm for the 
top and 130 °C/ram for the bottom. Adding ceramic pistons reduces the 
thermal gradients to 30 °C/ram, and increasing the furnace-to-sample 
ratio to 2:1 reduces the thermal gradients to 20 °C/mm. The drop in 
temperature across the radius is decreased from 25 °C to 15 °C by 
substituting ceramic pistons for WC and further reduced to 4 °C by 
increasing the furnace length to twice the sample length. Sample 
thermal gradients are much lower for the larger apparatus (Figure 3) 
than for the smaller Griggs apparatus, being only 3 °C/mm for the top 
25% and 6 °C/mm for the bottom 25 % of the sample. The numerical 
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Figure 6. Contoured isotherms at 100 °C intervals, determined 
numerically for a - 900 °C and superimposed on an 
axisymmetric cross-section of the smaller Griggs sample 
assembly which has been lengthened to allow for a longer 
furnace 
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Figure 7. Axial temperature profile along the outer radius of the 
sample for the original small Griggs apparatus and the 
modified design shown in Figure 5 using talc as the outer 
confining medium and BN as the inner confining medium 
Calculations performed for a - 800 °C. Sample lengths 
(LQ) are normalized to 1.0 for comparison 
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Figure 8. Axial temperature profile along the outer radius of the 
sample for the original small Griggs apparatus and the 
modified designs shown in Figures 4, 5, and 6. Calculations 
performed for a - 900 °C. Sample lengths are normalized 
for comparison 
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Figure 9. Axial temperature profile along the outer radius of the 
sample for the original small Griggs apparatus and the 
modified design shown in Figure 5. Calculations performed 
for a - 1000 °C. Sample lengths are normalized for 
comparison 
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results for the larger apparatus are consistent with results reported 
for similar designs (Nelson, 1977; George and Christie, 1979) and better 
than those of Kolle (1980) and Kirby and Kronenberg (1984) who have 
lower furnace-to-sample ratios (1.9:1 and 1.7:1 respectively) and 
thinner metal jackets. 
The use of a stepped furnace (Figures lb and 3) was investigated 
numerically. It was found that a stepped furnace only raises the 
temperature at the ends of the sample by 2 °C for a of 900 °C. 
Perturbations in the temperature profile due to stepping the furnace 
were localized in the confining media at the ends of the furnace. This 
is consistent with numerical calculations performed by Kolle (1980) for 
the larger sample assemblies. 
A parameter study of varying boundary conditions and thermal 
conductivities of the confining media indicates they cause only minor 
changes in the sample thermal gradients. The thermal gradients for the 
old and new designs remained nearly constant, sample isotherms shifted 
by less than 0.01 mm, for boundary temperatures ranging from 250 °C to 
300 °C. Changing confining media thermal conductivities from 0.007 
(NaCl) to 0.017 cal s"^ cm"^ °C'^ (BN) showed similar negligible 
effects. 
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CONCLUSIONS 
Sample axial thermal gradients are significantly reduced by using 
high strength ceramics as loading pistons instead of WC and increasing 
the furnace-to-sample length ratio. The use of stepped furnaces does 
little to improve thermal gradients within the sample in the smaller 
Griggs apparatus. 
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APPENDIX 
The temperature for a resistance heater is almost linearly 
proportional to the input power (P). Power is determined by 
P - 1% * R, 
where I is the current and R is the resistance of the furnace. The 
furnace resistance is proportional to the geometry of the furnace and 
the resistivity of the material (p) 
R - p * L / A, 
where A is the cross-sectional area and L is the length of the furnace. 
Power is directly proportional to the length of the furnace and inversely 
proportional to the cross-sectional area of the furnace. 
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SECTION II. 
MICROMECHANISMS OF DEFORMATION IN EXPERIMENTALLY DEFORMED 
SINGLE CRYSTAL SODIC PLAGIOCLASE 
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ABSTRACT 
Oriented cores cut along axes bisecting the acute and obtuse angles 
between the (010) and (001) cleavage planes and normal to the a-axis 
were taken from single crystal, low structural state sodic plagioclases 
(An^ and An^g) and deformed at temperatures from 25 to 1000 °C, strain 
rates of 10"^ to 10"^ s and a confining pressure of 1.0 GPa in a 
modified small Griggs apparatus. Water content and annealing times 
varied widely. 
The transition from brittle-ductile to purely ductile deformation 
for dry samples occurs around 850 °C at 1.0 GPa confining pressure. 
Samples deformed in the anti-twinning orientation show an overall higher 
strength in the brittle-ductile field than samples deformed in the 
twinning orientation. Dry samples run at T > 900 °C deform by 
dislocation glide with slip occurring on (010)[001], (110)[001], 
(010)[101], and (001)1/2[110] systems for cores oriented in both 
directions. Exsolution lamellae in the oligoclase inhibit slip in 
unannealed samples. Deformation twinning is not observed, regardless of 
crystal orientation, for T > 900 °C. 
True deformation twinning occurs when T < 800 °C in disordered 
crystals favorably oriented for albite and pericline twinning. 
Dislocations were not observed associated with these twins. Disordered 
samples twinned and were weaker than ordered samples deformed under 
similar conditions. No such effect was seen in samples deformed in the 
anti-twinning orientation. The critical resolved shear stress for both 
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albite and pericline deformation twinning is approximately 200 MPa. 
Water significantly lowers the onset of plasticity and sample 
strength. Samples deformed in talc assemblies at T > 800 show rapid 
disordering and a high degree of cataclasis (due to a high Py2o) with 
evidence of recrystallization. 
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INTRODUCTION 
Rheology of the llthosphere has received considerable attention 
recently (Kirby, 1983; Kirby and Kronenberg, 1987; Ranalli and Murphy, 
1987; Carter and Tsenn, 1987), yet comparatively little experimental 
work has been performed on the feldspars, the most abundant mineral in 
the earth's crust (Ronov and Yaroshevsky, 1969). The complex unmixing 
features, low symmetry, and order-disorder reactions make interpretation 
of experimental data in feldspars difficult. In nature, feldspars 
generally deform brittlely for temperatures and pressures less than 
amphibolite facies (< 550 °C) (Tullis, 1983). With increasing grade of 
metamorphism, ductile behavior, principally mechanical twinning in the 
plagioclase series, intracrystalline slip, and recrystallization, 
becomes more prevalent (White, 1975; Marshall and Wilson, 1976; Tullis, 
1983; Olsen and Kohlstedt, 1985). Experiments on single crystal, 
polycrystalline, and feldspar-containing rocks suggest that the onset of 
ductile behavior in plagioclase begins at approximately 800 °C for dry 
samples and 150 °C to 200 °C lower for wet samples (Seifert and 
VerPloeg, 1977; Seifert, 1980; Tullis and Yund, 1980, 1987; Shelton, 
Tullis and Tullis, 1981). The onset of ductile deformation in alkali 
feldspars is approximately 100 °C lower than in plagioclase (Willaime, 
Christie, and Kovacs, 1979). 
Mechanical twinning in the plagioclase series becomes easier with 
increasing temperature and anorthite content (Brown and Macaudiere, 
1986). Ordering of the tetrahedral sites in low-temperature sodic 
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plagioclases theoretically inhibits mechanical twinning (Laves, 1952, 
1965; Starkey, 1964; and Borg and Heard, 1969), yet mechanical twinning 
has been reported in naturally deformed ordered plagioclases (Vogel and 
Seifert, 1965). With higher anorthite content, plagioclase adopts the 
Pi or II symmetry which can easily twin. 
In naturally deformed plagioclases, recrystallization around the 
margins of the porphyroblasts is thought to accompany mechanical 
twinning and subgrain development within the porphyroblasts (Brown, 
Macaudiere, and Ohnenstetter, 1980; Olsen and Kohlstedt, 1985). These 
neoblasts often show changes in anorthite content (White, 1975; Borger 
and White, 1980). Dynamic recrystallization occurs by two mechanisms, 
subgrain rotation (Poirier and Guillope, 1979) and bulge nucleation 
followed by grain boundary migration. Olsen and Kohlstedt (1985) 
proposed that the former was more important in naturally deformed 
intermediate plagioclases while Tullis and Yund (1985) proposed the 
latter was significant in experimentally deformed albite aggregates. 
Regardless of the mechanism of accommodation, the rheology of the 
feldspars appears to be controlled by the difficulty of dislocations to 
cross slip due to their long Burgers vectors (7 to 9 Â, Marshall and 
McLaren, 1977a, 1977b) and their low stacking fault energy (Olsen and 
Kohlstedt, 1984). Anti-phase domains and exsolution features act as 
barriers which impede the movement of dislocations (White, 1975). 
Marshall and McLaren (1977a) identified six out of seven possible 
Burgers vectors in experimentally deformed Cl plagioclase. Olsen and 
Kohlstedt (1984) showed that the (010)[001] slip system dominates in 
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naturally deformed plagioclase. 
The objectives of this study are to investigate the brittle-ductile 
to ductile transition in two single-crystal sodic plagioclases (CI), An^^ 
and An^g, and to characterize the micromechanisms of deformation in the 
ductile field. Parameters investigated are the effects of 
crystallographic orientation, ordering, strain rate, temperature, and 
water content. Two crystallographic orientations were investigated, one 
favoring and one opposing twinning (Borg and Handin, 1966; Borg and 
Heard, 1969, 1970). 
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STARTING MATERIAL 
Two large single crystals of sodlc plagioclase were obtained from 
collectors. Both are believed to be from the Amelia pegmatite, Amelia, 
VA. In order to verify composition, both were analyzed using an 
electron microprobe for major elements and X-ray fluorescence (XRF) and 
instrument neutron activation analysis (INAA) for minor and trace 
elements (Table 1). ABl is subhedral with a blocky morphology, 10 cm in 
length, opaque with a creamy white color showing striations on the 
nearly perfect (001) cleavage planes, good cleavage along (010), and 
numerous microfractures. The outside was decorated with some minor 
quartz and muscovite. The high Ca content and blocky appearance implies 
that ABl came from the outer wall of the pegmatite (peristerite zone) 
(Sinkankas, 1968). AB2 is colorless and translucent with a bladed 
morphology with the long axis parallel to the a-axis direction showing 
well developed broad crystal faces (010) with perfect cleavage along 
(001) and good cleavage along (010). Cleavage fracturing occurred 
readily along the (010) and (001) planes, making coring extremely 
difficult. AB2's euhedral form, curved cleavage surfaces, and chemical 
composition allow classifying this sample as cleavelandite, a variety of 
albite found in the central vugs of the Amelia pegmatite (Glass, 1935; 
Sinkankas, 1968). Although ABl appears to have a higher density of 
microfracturing, its fracture toughness is much higher than AB2, 
enabling a greater number of complete cores to be taken from ABl. 
ABl is an oligoclase (An^g) with a low structural state as 
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Table 1. Composition and lattice parameters of single crystals used in 
this study. Major elements were determined by electron 
microprobe and values are given in weight percent. Trace 
elements were determined by INAA or XRF and are given in ppm 
ABl AB2 
SiOg 63.7 66.7 
AIoOQ 23.4 20.2 
FeOt 0.03 0.01 
CaO 3.85 0.28 
Na^O 9.70 12.56 
KgO 0.25 0.23 
total 100.86 99.98 
Sc 0.14 0.02 
Cr 7.4 1.7 
Co 0.33 0.05 
Ni 6.4 2.8 
Rb 7.5 5.5 
Sr 83.9 84.7 
Y 4 4 
Zr 16 2 
Nb 2 1 
Cs 1.62 0.34 
Ba 5.8 27.9 
La 1.90 0.07 
Ce 1.68 ' 0.15 
Sm 0.22 0.016 
Eu 0.36 0.218 
Yb 0.26 0.064 
Lu 0.05 0.02 
Hf 0.08 0.01 
Ta 0.88 0.17 
Th 0.08 0.01 
Ab 80.84 97.55 
An 17.87 1.25 
Or 1.37 1.19 
a (S) 8.151 8.142 
b (S) 12.817 12.785 
c (Â) 7.137 7.159 
alpha 93.97 94.19 
beta 116.49 116.61 
gamma 88.74 87.68 
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determined by the separation in 20 of the 131 and 131 planes (A131 -
1.45) using powered X-ray diffraction (XRD) with radiation (Kroll 
and Ribbe, 1980; Kroll, 1983). Optical microscopy shows that there are 
albite twins randomly distributed throughout the crystal. These twins 
are usually 0.1 to 0.5 mm in width and abruptly terminate within the 
crystal. They appear to be primary twins based on the criteria of Vance 
(1961). Inclusions of muscovite (up 0.3 mm in width and 1 mm in length) 
are present, but more highly concentrated at one end of the crystal. 
While it was usually possible to avoid the muscovite inclusions, albite 
twins were too hard to detect prior to thin sectioning, resulting in a 
random amount of twinning in many cores. Transmission electron 
microscopy (TEM) of the undeformed crystal reveals the presence of 
irregular lamellae (081) 30 nm in width. These lamellae are most likely 
a result of subsolidus exsolution within the peristerite gap (Ribbe, 
1983a). Deformation features such as dislocations and stacking faults 
were not observed. AB2 is low structural state (A131 = 1.1) albite 
(An^) with some randomly distributed albite twins up to 1 mm in width. 
No inclusions of any type were observed. 
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EXPERIMENTAL METHODS 
Experiments were carried out in a small Griggs solid media constant 
strain rate deformation apparatus (Griggs, 1967; Carter and Ave 
Lallemant, 1970) that has been modified to allow for jacketing the 
sample to control water content and to reduce thermal gradients (Kramer, 
1986). Samples were cored from the two large single crystals using a 
water-cooled diamond core drill. Samples are right cylindrical cores 
2.9 mm in diameter and approximately 7 mm in length. Crystals were 
prepared for coring by trimming parallel faces perpendicular to the 
acute and obtuse bisector of the (010) and (001) planes and parallel to 
the a-axis direction. Cores drilled along the acute and obtuse 
bisectors normal to the a-axis are the twinning and anti-twinning 
directions respectively (Figure 1) as shown by Borg and Handin (1966) 
and Borg and Heard (1969, 1970). Cores were ground flat on both ends 
and then lapped with 600 grit aluminum paper. After cleaning to remove 
grit, sample cores were dried in an oven at 160 °C for 24 hours and 
stored in a desiccator. Jacketed samples were placed in their metal 
sleeves just prior to loading into the sample assembly. Sample loading 
was done under a heating lamp with latex gloves to reduce water 
contamination. Small amounts of water were added to a few samples by 
first evacuating the sample to 28 mm of Hg, to remove air from 
microfractures, and then immersing the sample in deionized water. 
Samples weighed before and after soaking in deionized water for 1 hour 
and then air dried showed a weight gain of 0.1 wt.%. This water is 
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assumed to be taken up in the microfractures. Some unjacketed samples 
were deformed in a pure talc confining medium above 800 °C, the 
dehydration temperature for talc. A large, but unknown amount of water 
released during the dehydration of the talc reacts with the samples 
resulting in hydrolytic weakening of the silica bonds (Blacic, 1972) and 
enhancing stress corrosion cracking (Kronenberg and Tullis, 1984). The 
talc only experiments will be refered to as the wet experiments. 
Temperature was measured using Pt and Pt-10% Rh thermocouples. A 
servo-control mechanism was used to maintain the set temperature to + 10 
°C. Due to thermal gradients inherent in this design, only the central 
1/3 of the sample was within 50 °C of the set temperature (Figure 2). 
The use of solid confining media results in errors of approximately 10% 
in measuring the confining pressure (Edmond and Paterson, 1971; Mirwald 
et al,, 1975). Sodium chloride confining medium caused shorting in the 
graphite resistance furnace at temperatures greater than 800 °C, 
therefore BN was used. No significant difference was seen in the 
strength properties of samples deformed using BN versus NaCl at 800 °C 
(Table 2). Since using BN resulted in fewer broken thermocouples, BN 
was subsequently used in all high temperature experiments. At the end 
of each run, the entire sample assembly, minus metal parts and ceramic 
pistons, was embedded in epoxy, allowed to dry, and cut lengthwise 
parallel to the thermocouple using a wafer diamond blade. Two thin 
sections were made from each core. The remaining central third of each 
core, if any, was ground with a mortar and pestle and analyzed using XRD 
to determine structural state. 
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Figure 2. Gross-sectional view of the sample assembly for the small 
Griggs apparatus as modified for this study. The 100 °C 
isotherms are shown for a 900 °C 
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Copper was used first as the metal jacket due to its high thermal 
conductivity. However, samples deformed at 900 °C in Cu jackets show 
infiltration of Cu into microfractures, the amount of metal infiltration 
increasing with increasing run times and temperatures. For this reason, 
Ni was used on experiments subsequent to AB1-397-B when samples were 
jacketed. 
Recorded mechanical data, consisting of axial load, confining 
pressure, and sample displacement, were only corrected for changing 
sample length. No attempt was made to correct load-displacement data 
due to inhomogeneous deformation of the sample resulting from the axial 
thermal gradients. Thermocouples commonly broke during the experiments, 
resulting in a loss of adequate temperature control (temperature values 
followed by a question mark in Table 2). Experimental runs during which 
the thermocouples broke were monitored using the power input to the 
graphite furnace. Monitoring power to the furnace to maintain 
temperature was nearly as accurate as using the thermocouples (+ 20 °C 
versus + 10 °C) if the thermocouple broke an hour or longer after 
achieving the run temperature. Instabilities during the first hour are 
most likely due to water released during dehydration of the outer talc 
medium affecting the resistance of the graphite furnace. 
Some samples were annealed to test the effect of disorder of the 
tetrahedral sites on the micromechanisms of deformation and strength. 
Goldsmith's (1986, 1987) and Goldsmith and Jenkins' (1985a) kinetic data 
for disorder of albite (Figure 3) were used as a guide for determining 
annealing time for either partial or total disordering. In Figure 3, 
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Figure 3. Goldsmith's (1986, 1987) kinetic data for albite disordering 
are shown as solid lines. The dashed line is for equilibrium 
disordering accompanying deformation of ABl for 900 °C (see 
Table 2) 
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the criteria for fully disordered albite was A131 > 1.85 with good 
separation of the 131 and 131 peaks determined by powdered XRD 
(Goldsmith and Jenkins, 1985a), while non-equilibrium disordering 
(partial disordering) shows diffuse peaks. The solid lines represent 
the equilibrium positions for fully disordered albite (800, 850, and 900 
°C) as determined by Goldsmith (1987). Annealing times noted in table 2 
record the times the samples were held at 1.0 GPa hydrostatic pressure. 
All experiments were run at 1.0 GPa confining pressure. Most 
experiments were run at constant temperature and strain rate, A few 
experiments were performed at variable strain rates (not reported) and 
variable temperatures (AB1-417-B and AB1-418-A) to obtain directly 
stress exponent values and activation energies for creep. The variable 
temperature experiments were only moderately successful while the 
variable strain rate experiments were unsuccessful. Fracturing at 
moderate total strains of 8% to 10% and temperature instability plagued 
these experiments. Stress relaxation experiments were also attempted to 
obtain activation energy data. The stress relaxation technique requires 
rigorously isothermal conditions and a very stiff apparatus (Rutter, 
Atkinson, and Mainprice, 1978; Poirier, 1985). The Griggs apparatus 
proved to be too soft and had too extreme thermal gradients to yield 
reliable data. 
Table 2. Summary of experimental data. All experiments were performed 
at 1.0 GPa confining pressure. The first three letters of the 
run # represent the crystal, the middle three numbers the run 
number, and the last letter signifies the orientation of the 
core. The differential stress given was measured at 5% 
strain. See text for details 
Run# 6(s-l) T (°C) A131 <r,-<73 
kS" (MPa) 
AB1-346-A 8x10-5 25 1.45 -
AB1-347-A 8x10-5 500 1402 
AB1-350-A 8x10-5 500 - 1627 
AB1-351-A 8x10-5 500 - 1595 
AB1-354-A 8x10-5 600 1455 
AB1-422-A 8x10-6 600 1.90 -
AB1-420-B 8x10-6 600 1.45 1150 
AB1-421-B 8x10-6 600 1.90 
-
AB1-343-A 8x10*5 800 ( ? )  1112 
AB1-344-A 8x10-5 800 ( ? )  - 804 
AB1-345-A 8x10-5 800 ( ? )  - 984 
AB1-349-A 8x10-5 800 - 155 
AB1-352-A 8x10-5 800 1.47 1233 
AB1-362-A 8x10-5 800 - 1028 
AB1-366-A 8x10-5 800 ( ? )  1.45 702 
AB1-381-A 8x10-5 800+(?) 1.55 956 
AB1-407-A 8x10-6 800 ( ? )  1.47 914 
AB1-410-A 8x10-6 800 1.6-1.7 -
AB1-415-A 8x10-6 800 1.85 1257 
AB2-427-A 8x10-6 800 1.15 -
AB1-373-B 8x10-5 800 ( ? )  347 
AB1-387-B 8x10-5 800 1.46 -
AB1-389-B 8x10-5 800 1.85 142 
AB1-394-B 8x10-5 800 ( ? )  - 570 
AB1-408-B 8x10-6 800 1.48 710 
AB1-412-B 8x10-6 800 1.85 982 
AB2-414-B 8x10-6 800 1.80 642 
AB2-429-B 8x10-6 800 1.13 -
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lo (nun) Jacket confining 
media 
comments 
7 .67 Cu NaCl 
7 .67 Cu NaCl 
7 .69 Cu NaCl 
7 .65 Cu NaCl 
7 .64 Cu NaCl / talc 
6 .48 Ni BN / talc 24 hr anneal at 900 °C 
7 .10 - BN / talc 
6 .70 Ni BN / talc 24 hr anneal at 900 °C 
7 .62 Cu NaCl 
7 .75 Cu NaCl 0.1 wt % H2O added 
7 .68 Cu NaCl 
7, .66 - talc 
7, .61 Cu NaCl 
7, .60 Cu BN / pyr 
6, ,70 Cu BN / talc 24 hr anneal 
6. ,63 Cu BN / talc 2 hr anneal 
7. ,10 Ni BN / talc 
6. 88 Ni BN / talc 3 hr anneal at 900 °C 
6. 89 Ni BN / talc 3 hr anneal at 950+ °C 
5. 64 Ni BN / talc 
6. 72 Cu BN / talc 
6. 68 Cu BN / talc 
7. 33 - talc 
6. 62 Cu BN / talc 
7. 40 Ni BN / talc 
7. 22 Ni BN / talc 3 hr anneal at 950 °c 
6. 88 Ni BN / talc 3 hr anneal at 950 °c 
6. 83 Ni BN / talc 
Table 2. (continued) 
Run# 4(8-1) T (°C) A131 ^,-<^3 
kS" (MPa) 
AB1-386-A 
AB1-403-A 
AB1-405-A 
AB1-416-A 
AB1-418-A 
AB2-413-A 
AB1-383-B 
AB1-384-B 
AB1-385-B 
AB1-388-B 
AB1-390-B 
AB1-397-B 
AB1-399-B 
AB1-417-B 
AB2-406-B 
AB1-365-A 
AB1-367-A 
AB1-409-A 
AB1-372-B 
AB1-382-B 
AB1-401-B 
AB1-402-B 
8x10 
8x10 
8x10 
8x10 
8x10 
8x10 
8x10 
8x10 
8x10 
8x10 
8x10 
8x10 
8x10 
8x10 
8x10 
-5 
- 6  
- 6  
- 6  
- 6  
- 6  
-5 
-5 
-5 
-5 
-5 
- 6  
- 6  
- 6  
- 6  
8x10 
8x10 
8x10 
8x10 
8x10 
8x10 
8x10 
-5 
-5 
- 6  
-5 
-5 
-5 
- 6  
900 (?) 
900 
900+(?) 
900 
900-950 
900 
900 
900 
900 
900-(?) 
900 
900 (?) 
900 
900-1000 
900 
1000 
1000 (?) 
1000 (?) 
1000 
1000+(?) 
1000 (?) 
1000-(?) 
1.60  
1.85 
1.87 
2 . 0  
1.9 
1.87 
1.62 
1.9-2.0 
1.95 
1.50 
1.93 
1.80 
1.90 
2 . 0  
1.9 
1.9-2.0 
1.90 
1.83 
1.95 
1.95 
680 
770 
725 
199 
1167 
499 
432 
393 
447 
640 
148 
437 
423 
737 
116 
85 
49 
317 
42 
107 
265 
361 
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Ig (nun) Jacket confining comments 
media 
6 .88 Cu BN / talc 
6 .86 Ni BN / talc 
7 .09 Ni BN / talc 
6 .94 - talc 
6 .94 Ni BN / talc 
6 .63 Ni BN / talc 
6, ,89 Cu BN / talc 
6, .67 Cu BN / talc 
6. 82 Cu BN / talc 
6 .83 Cu BN / talc 
7, ,23 - talc 
7. 10 Cu BN / talc 
6. ,81 Ni BN / talc 
6. 89 Ni BN / talc 
7, 05 Ni BN / talc 
6. 60 talc 
6. 72 - talc 
6. 87 Ni BN / talc 
6. 83 talc 
6. 70 - talc 
6. 52 Ni BN / talc 
7. 65 Ni BN / talc 
24 hr anneal at 900 °C 
24 hr anneal 
22 hr anneal, 0.1 wt % H2O added 
24 hr anneal at 900 °C 
24 hr anneal 
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EXPERIMENTAL RESULTS 
Mechanical Data 
Due to the inhomogeneous temperature distribution, two easy 
cleavage directions, and numerous microfractures in the starting 
material, the mechanical data must be carefully interpreted. Since the 
bulk of the data exist only for ABl, discussion will concentrate on this 
crystal. Differential stress - dg) versus percent strain for select 
experimental runs are shown in Figures 4 and 5. The dry jacketed 
samples show higher strengths for the same amount of strain than do 
samples deformed with either added water or unjacketed in the talc 
assemblies. With increasing temperature the slope of the stress-strain 
curve decreases, as does the ultimate strength, for both dry and wet 
experiments. The most noticeable drop in ultimate strength occurs 
between 800 and 900 °C for dry samples as compared to the pervious talc 
runs using the unmodified apparatus where the largest reduction in 
strength occurred between 600 and 800 °C (Seifert, 1980). Samples in 
the anti- twinning direction (A) have a higher ultimate strength and 
generally steeper slope than those in the twinning direction (B). 
The effect of strain rate is inconclusive. For dry samples in both 
orientations, the lower strain rate (8 x 10"^ s"^) has a similar or 
steeper stress-strain slope and a similar or higher ultimate strength 
than the faster strain rate (8 x 10"^ s"^). The data for the two strain 
rates overlap with considerable scatter, suggesting little or no strain 
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rate affect for the experimental conditions tested. 
Figure 6 shows the logarithm of the average differential stress at 
5% strain for ABl at a variety of temperatures deformed wet and dry in 
the two crystallographic orientations. Below 800 °C, the differential 
stress shows only slight temperature sensitivity for dry samples. With 
higher temperatures, the differential stress drops rapidly. The 
differential stresses for dry cores in the B orientation are slightly 
lower than those in the A orientation. 
The effect of added water on the strength of ABl is significant. 
Samples deformed in the talc-only assemblies are nearly an order of 
magnitude weaker than dry samples for the same pressure (P) and 
temperature (T) conditions for both orientations. While the exact 
amount of water reacting with the sample is unknown, the upper limit is 
the water available from the dehydrating talc with the amount of 
dehydration increasing with increasing temperature. Water released from 
the talc varies from 0.01 to 0.02 g, approximately 6 to 10 wt.%, for 
temperatures of 800 to 1000 °C. For this amount of water, Py2o 
approaches P^. Smaller amounts of added water have less dramatic 
effects on the strength of ABl. A sample with only 0.1 wt.% water 
added (AB1-344-A) shows only a slight drop in differential stress at 
800 °C compared to the same orientation dry. Sample AB1-385-B, with 0.1 
wt.% water added, showed no difference in strength compared to the dry 
samples deformed at 900 °C. The significance of these data is difficult 
to determine since the B orientation data show a great deal of scatter 
compared to the A orientation. 
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Figure 4. Representative stress-strain diagrams for wet and dry samples 
of ABl deformed in the anti-twinning orientation (A) for Tj^^x 
of 800, 900, and 1000 °C 
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Figure 5. Representative stress-strain diagram for wet and dry samples 
of ABl deformed in the twinning orientation (B) for T of 
800, 900, and 1000 °C 
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•  3.0 
Figure 6. Plot of the logarithm of the average differential stress (<7-^ 
- Fg) at 5% strain versus 1/T (K" ) for ABl. The break in 
the slope indicates a change in deformation mechanisms from 
cataclasis to dislocation creep 
53 
High temperature annealing affects the strength as well as the 
amount of disordering of the crystal. Except for AB1-366-A, which was 
annealed at 800 °C, annealed samples show a higher strength than those 
not annealed for any given temperature or orientation. This increased 
strength with high temperature annealing may be due to healing of 
microcracks (Kronenberg and Tullis, 1984). This possibility will be 
discussed latter. 
Order - Disorder 
The kinetics of disordering of ABl closely follows that of pure 
albite (Figure 3) as determined by Goldsmith (1987). While the 
objective of this study was not to determine disordering kinetics, the 
amount of disorder influences the micromechanisras for deformation, in 
particular twinning (Laves, 1952, 1965). The dashed line in Figure 3 
shows the approxiraate boundary for equilibrium disordering for deformed 
ABl at 900 °C. The extrapolation of the line beyond 1.0 GPa assumes 
pressure dependence is not changed by deformation. 
Very little disordering occurs at 800 °C and 1.0 GPa, even for long 
annealing times, except in the presence of water. Water is known to 
greatly enhance the disordering (or ordering) process (McConnell and 
McKie, 1960; Seifert, 1973; Smith, 1974; Mason, 1979; Yund and Tullis, 
1980). With increasing temperature and dry conditions, the rate of 
disordering greatly increases. At 900 °C, the time to disorder at 1.0 
GPa is approximately eight hours, which is twice the run time of the 
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slower strain rate experiment. At 1000 °C and 1.0 GPa, disordering 
occurs within a few hours, approximately equal to the run time for the 
faster strain rate experiments. All samples annealed longer than 8 hours 
at 900 °C and 1.0 GPa were fully disordered. Run times of 8 hours or 
less at 900 °C typically produced partially disordered plagioclase. 
Sections of samples of both orientations cut perpendicular to the 
a-axis show a lower birefringence, a change in the extinction angle, and 
a ZVg (angle between the optic axes) of 120° (ABl) to 135° (AB2) within 
the high temperature region. All of these features are evidence for the 
high structural state (Slemmons, 1962). While the birefringence shows a 
sharp change along the axis of the cores, 2V2 changes gradually along 
the axis of the core. The B orientation shows a sharper transition from 
low to high structural states than the A orientation for the same run 
times. 
Micromechanisms of Deformation 
Dry 
Samples deformed below 800 °C fail dominantly by cleavage fracture, 
with slip along the (010) and (001) cleavage planes (Figure 7a). There 
is little to no undulose extinction. Cataclasis occurs in regions of 
high strain. Samples deformed dry at 800 °C show two styles of 
fracturing. One consists of multiple, closely spaced cleavage 
fractures, along the (010) and (001) planes, broadening into shear zones 
with associated undulose extinction. The (001) cleavage plane is 
usually the more prominent shearing plane. Cleavage fractures parallel 
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to (010) appear to occur preferentially on or near previous albite twins 
when present. The other style of fracturing consists of irregular 
fractures with no apparent crystallographic control (Figure 7b and 7c). 
These irregular fractures are at low angles to the axis of cylinder. 
This fracturing may represent opening of previous microfractures 
favorably oriented to the principal shearing stress. No deformation 
lamellae, subgrains, or mechanical twinning could be found. TEM study 
shows that deformation is dominantly microfracturing along (010) and 
(001), with few dislocations generated (Figure 7d). 
Samples disordered prior to deformation at or below 800 °C display 
differing styles of deformation, depending on orientation. Disordered 
samples deformed in the twinning orientation, AB1-412-B, AB2-414-B and 
AB1-421-B, show cleavage fracture (001) and very narrow twins (< 0.01 
mm), that are predominantly albite twins with a few pericline twins. 
Where both twins occur together, they rarely cross (Figure 8a). These 
twins are much narrower than the primary twins found in ABl and 
terminate within the high temperature region of the crystal. TEM 
analysis of AB1-421-B shows no dislocations associated with the 
deformation twins (Figure 8b). The sense of shear for the twins, 
determined from selected area diffraction patterns (SADP), is consistent 
with deformation twinning. No exsolution lamellae were observed. 
Reabsorption of the exsolution lamellae is expected during solid-state 
transformation of peristerite to high albite (Yund, 1983). Dislocations 
were observed in AB1-412-B in regions without exsolution lamellae. 
These dislocations are very short and straight and not associated with 
Figure 7a. Photomicrograph of sample AB1-354-A (600 °C) showing cleavage fractures (010) 
and (001) and brittle shear. The arrows indicate the direction of maximum 
compression 
Figure 7b. Photomicrograph of sample AB1-343-A (800 °C) showing cleavage fracture and 
cataclasis with some associated undulose extinction 
Figure 7c. Photomicrograph of AB1-366-A (800 °C) showing cataclasis resulting from high 
strain 
Figure 7d. TEM micrograph of sample AB1-343-A (800 °C) showing the exsolution lamellae 
characteristic of the undeformed ABl along with a few small fractures parallel 
to (010) 
5V 
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Q 
the twins. AB2-414-B shows very high dislocation densities (> 10 
cm" ) in the central part of the sample, most parallel to (010). Most 
dislocations are straight but some tangles were observed. Regions of 
high dislocation densities do not show deformation twinning. 
Disordered samples deformed in the anti-twinning orientation, ABl-
410-A and AB1-415-A, show cleavage and irregular fracturing like that 
seen in the unannealed 800 °C samples. No twinning was observed in the 
A orientation. AB1-410-A does have a high density of primary albite 
twinning (nearly 50%) which may account for its low strength compared 
to the other A samples. All of these primary twins have parallel sides, 
are straight, have no terminations within the core, and can be matched 
across the (001) cleavage fractures. AB1-415-A, which shows no primary 
or deformation twinning, is much stronger than AB1-410-A and has 
deformed predominantly by irregular fracturing. The resulting 
cataclasis shows some larger grains with undulose extinction (0.5 mm) 
which are surrounded by a much finer matrix of irregular grains (0.01 -
0.001 mm) (Figure 8c). 
Samples deformed dry at 900 °C show the first indications of 
intracrystalline glide with little or no fracturing, provided total 
strain is less than 5%. Deformation is concentrated in the central 
high-T region of the core. This results in bulging of the central 
portion of the core with no or little associated cleavage fracturing. 
The high temperature portion of the core is characterized by broad 
deformation bands from 0.5 to 1 mm which are nearly parallel to (001), 
narrow slip bands similar in appearance to the glide bands observed in 
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experimentally deformed sanidine (Gandais and Willaime, 1983; Scandale, 
Gandais, and Willaime, 1983) (<0.01 mm) and parallel to (010), and 
narrow rectilinear features with patchy undulose extinction in polarized 
light (Figure 8d). TEM analysis of these narrow slip bands shows that 
they are narrow twist walls rather than twins (Figure 9a) and the 
dislocations tend to terminate at exsolution lamellae which have 
coarsened compared to the 800 °C sample. Numerous dislocations are 
generated in samples deformed at T > 900 °C. At T - 900 °C, 
dislocations are straight and dissociated, and most are parallel to 
[001] and [110]. Samples deformed at 1000 °C show the same optical 
features as those deformed at 900 °C but show much less fracturing, even 
at high strains. Dislocations curve out of their glide planes and 
tangled at higher temperatures, indicating that climb occurs (Figure 
9b). Using the criteria of Gandais, Hihi, Willaime, and Epelboin 
(1982), three Burgers vectors could be identified in the high 
temperature deformed samples in both orientations; [001], 1/2[110], and 
[101]. Of these Burgers vectors, the [001] appears to dominate. Table 
3 lists the Schmidt Factor (SF) for all the theoretical slip systems for 
plagioclase based on the Cl unit cell. Four slip systems were confirmed 
in these experiments. Some slip systems with high SF could not be 
uniquely identified, but may have been active. 
Figure 8a. Photomicrograph of AB1-421-B annealed at 900 °C for 24 hours and deformed at 
600 °C showing the deformation twins produced. The arrows indicate the 
direction of maximum compression 
Figure 8b. TEM micrograph of AB1-421-B showing albite twins. The SADP shows the 
characteristic double diffraction seen in twins. Note the absence of 
exsolution lamellae shown in Figure 7d 
Figure 8c. Photomicrograph of AB1-415-A annealed at 900 °C for 24 hours and deformed at 
800 °C. No deformation twinning was observed 
Figure 8d. Photomicrograph of AB1-405-A deformed at 900 °C showing deformation lamellae 
nearly parallel to (001) and slip bands parallel to (010) 
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Wet 
The addition of water enhances cataclasis by lowering the effective 
confining pressure yet enhances ductile behavior through hydrolytic 
weakening (Griggs, 1967; Blacic, 1972; Seifert and Verploeg, 1973; 
Tullis and Yund, 1980). Experiments using talc as a confining medium 
without jacketing the sample add considerable, but unknown amounts of 
water for experiments run at T > 800 °C. The water released by the talc 
usually exceeds the amount of water which can be incorporated into 
jacketed samples, resulting in significant strength differences between 
water-added experiments and talc-only experiments (Kronenberg and 
Tullis, 1984). 
Water added to samples deformed at 800 °C increases the development 
of cataclasis along narrow curved bands (0.5 mm) which nearly parallel 
(001) in the central part of the core (Figure 9c). The increase in 
fracturing in unjacketed samples in talc only assemblies is most likely 
due to the high (Kronenberg and Tullis, 1984). The central portion 
of the cores shows a marked reduction in birefringence and a change in 
extinction angle due to disordering (Slemmons, 1962). Larger crystal 
fragments (>0.5 mm) in the high T zone show undulose extinction, 
deformation lamellae parallel to (010), and possibly some rectilinear 
subgrains. Extinction angles indicate that the much finer material (< 
0.01 mm) has a different crystallographic orientation from the larger 
surrounding clasts. Many of these grains are rounded, suggesting that 
some recrystalllzation may have taken place. The style of deformation 
Figure 9a. TEM micrograph of slip bands seen in Figure 8d. The slip band is out of 
contrast in this micrograph. Note the high dislocation density. Many 
dislocations terminate at exsolution lamellae. The SADP shows rotation of the 
diffraction pattern suggestive of a low angle boundary 
Figure 9b. TEM micrograph of AB1-417-B showing dislocation climb. Note the lack of 
exsolution lamellae 
Figure 9c. Photomicrograph of AB1-349-A deformed wet at 800 °C 
Figure 9d. Photomicrograph of AB1-390-B deformed wet at 900 °C 
*4 
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appears to be similar for both crystallographic orientations. No 
deformation twinning was observed. 
The effect on the micromechanisms of deformation at 900 °C is 
similar to that seen at 800 °C. Cataclasis occurs, but there are no 
distinct shear zones. Deformation lamellae in the larger clasts are 
more pronounced at the higher temperature. The matrix of smaller g'rains 
surrounding larger grains appears to be recrystallized (Figure 9d). 
These neoblasts are larger than those found in the 800 °C cores. Small 
amounts of water (0.1 wt.%) did not produce any observable difference in 
deformation mechanisms from that seen in the dry samples at 900 °C for 
AB1-385-B, but the samples did show a higher amount of disordering 
compared to dry samples subjected to the same experimental conditions. 
Samples deformed unjacketed at 1000 °C melted in the high T region 
of the cores. Melting at 1000 °C and 1.0 GPa suggests that there was at 
least 0.5 mole fraction H2O based on hydrostatic melting of albite 
(Burnham and Davis, 1974; Goldsmith and Jenkins, 1985b). This is 
consistent with the volume of talc dehydrated. 
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Table 3. Schmidt Factors for slip systems in sodic plagioclase for the 
crystallographic orientations tested. Possible slip systems 
for Cl unit cell from Gandais and Willaime (1983) 
Slip System Orientation Observed 
(010)[001] 0.45 0.44 yes 
(010)[101] 0.41 0.40 yes 
(010)[100] 0.0 0.0 no 
(001)l/2[110]b 0.41 0.42 yes 
(001)[100] 0.0 0.0 no 
(100)[001] 0.20 0.22 no 
(101)[101] 0.24 0.28 no 
(110)[001]b 0.40 0.41 yes 
(110)[110] 0.36 0.40 no 
(120)[001]b 0.46 0.48 ? 
(130)[001]b 0.49 0.50 ? 
(201)1/2[112] 0.08 0.08 no 
(121)[101] 0.50 0.50 ? 
(11I)1/2[110] 0.45 0.50 ? 
(11I)1/2[101] 0.45 0.48 ? 
^ Denotes dominate slip system in these experiments. 
Denotes two possible slip systems based on symmetry. 
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DISCUSSION 
The deformation mechanisms in sodic plagioclases under the 
experimental conditions investigated are fracturing, cleavage fracture 
at low T and cataclasis at higher T, dislocation glide and climb, and 
deformation twinning. Mechanical data, optical microscopy, and TEM all 
show that the onset of intracrystalline slip occurs at approximately 850 
°C for dry samples in both A and B orientations. The brittle-ductile to 
ductile transition for dry single crystals is consistent with that of 
dry polycrystalline albite rock (Tullis and Yund, 1987) at 1.0 GPa. 
Low Temperature Processes 
The strength of dry crystals at T < 800 °C is only weakly 
temperature dependent and deformation is controlled by cleavage 
fracture, particularly at the lower temperatures. The anti-twinning 
direction is stronger in the brittle-ductile field due to the slightly 
higher angle (47°) of the cleavage planes to the applied load compared 
to the twinning direction (43°). 
Cleavage fracture of plagioclases is commonly seen in low-grade 
metamorphic and brittlely deformed rocks (Simpson and Schmid, 1983). 
Plagioclase augens in a less competent matrix exhibit tails of finer 
cleavage fragments. Brittle deformation of plagioclase-dominated rocks 
will be controlled by the ease of cleavage fracturing. Higher 
temperature enhances the effects of stress corrosion cracking (SCC), 
resulting in intragranular fracturing (Atkinson and Meredith, 1987). 
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see may account for the increase in microfracturing seen in samples 
deformed at 800 °C. SCC may also contribute to the hydrolytic weakening 
effect seen in silicates (Griggs, 1967; Blacic, 1972; Kronenberg and 
Tullis, 1984). 
Deformation twinning is possible if the crystal has been disordered 
prior to deformation and the shear stress is favorably oriented to the 
twinning direction; shear stress in the c+ direction for albite twinning 
and in the b+ direction for pericline twinning. Deformation twinning 
occurs preferentially over fracturing at T < 800 °C, resulting in a 
lower strength for disordered crystals compared to ordered crystals both 
favorably oriented for twinning (Figure 10). Since the twinning shear 
for both albite and pericline twinning is small (0.14), only 7% total 
strain can be accommodated by deformation twinning. At higher strains 
fracturing should occur. Dislocation creep occurs instead of 
deformation twinning at T > 800 °C regardless of structural state. 
The Schmidt Factor (SF) is slightly higher for albite twinning 
(0.44) than pericline twinning (0.41) for the sodic plagioclases (Figure 
11). This difference is not large enough to explain the higher 
proportion of albite to pericline twinning in samples with 
experimentally produced deformation twinning. The principal stress 
direction favorable to one twinning law is always favorable to the 
other (Borg and Heard, 1970) and it is not possible to test uniquely for 
the difference in the critical resolved shear stress (CRSS) for 
the two twin laws. The dominance of albite twins over pericline 
twins seen in naturally deformed plagioclases (Vance, 1961; White, 
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Figure 10. Stress-strain diagram for ordered (AB1-354-A, AB1-420-B) and 
disordered (AB1-422-A, AB1-421-B) samples deformed at 600 °C 
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1975; Olsen and Kohlstedt, 1985) suggests that the CRSS is higher for 
pericline twinning. No dislocations were observed associated with the 
deformation twins, even where they tapered to a point. This is at 
variance with deformation twins seen in naturally deformed oligoclase 
(White, 1975) but does agree with experimentally and naturally deformed 
intermediate plagioclases (Marshall and McLaren, 1977b; Brown and 
Macaudiere, 1986). 
Although there is some controversy on the existence of a 'true' 
CRSS for deformation twinning (Tullis, 1980), the stress for twin 
initiation is accepted as approximately an order of magnitude higher 
than the stress for propagation. Crystal imperfections can serve as 
stress concentrators and lower the stress necessary to initiate 
twinning. An effective CRSS has been calculated for some minerals 
(Jamison and Spang, 1976; Kolle and Blacic, 1982). The small isothermal 
region results in the cooler ends of the sample contributing to the 
overall strength of the sample, therefore, a constant stress level was 
never achieved before the maximum strain of 7% allowed by deformation 
twinning was obtained. It was difficult to determine an exact CRSS for 
twinning in these samples. However, an upper limit for the CRSS, 
calculated from the deviation from the measured stress levels in the 
ordered crystals (Figure 10) is approximately 200 MPa. The lack of 
dislocations associated with twinning and the low temperature of 
formation suggest that deformation twinning for disordered plagioclase 
is not temperature or strain rate dependent (Christian, 1965; Tullis, 
1980; Kolle and Blacic, 1982). 
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Deformation twinning can only occur under limited P and T 
conditions in naturally deformed sodic plagioclases. A crystal must be 
at a pressure and temperature high enough to promote disorder, yet lower 
than the conditions necessary for the onset of dislocation creep. Both 
of these processes are functions of chemical environment, pressure, and 
temperature (Smith, 1974; Mason, 1979; Goldsmith and Jenkins, 1985a; 
Goldsmith, 1986, 1987; Tullis and Yund, 1980, 1987). Twinning becomes 
easier with increasing anorthite content due to the increase in the 
proportion of the ordered II unit cells, which can readily twin, to the 
ordered Cl unit cells, which can not twin (Starkey, 1964; Starkey and 
Brown, 1964; Brown and Macaudiere, 1986). 
High Temperature Processes 
High T deformation is dominated by intracrystalline slip, 
dominantly on the (010)[001], (001)1/2[110], (110)[001], and (010)[101] 
slip systems, with the (001)1/2[110] slip system becoming more important 
at T > 900 °C. Glide elements in sodic plagioclases with the Cl 
structure should be similar to those seen in sanidine (Gandais and 
Willaime, 1983) due to the similarity of the tetrahedral framework. The 
SF for the dominant slip systems are the same, resulting in similar 
strengths for the two crystallographic orientations at T > 900 °C. With 
decreasing temperature, the B orientation becomes weaker due to the 
increasing influence of cleavage fracture, and in some cases due to 
deformation twinning. 
Structural state and composition appear to have an affect on the 
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mechanisms of deformation. No deformation twinning occurs for T > 900 
°C regardless of structural state. Dislocations were rarely seen in ABl 
deformed at 800 °C even if the cores were disordered prior to 
deformation. For example, AB1-412-B deformed at 800 °C after annealing 
for 3 hours at 950 °C shows deformation twinning with few or no 
dislocations. On the other hand, AB2-414-A deformed at 800 °C shows a 
high dislocation density (> 10® cm"^). Samples of ABl deformed at 900 
°C without annealing show numerous dislocations terminating at 
exsolution lamellae while samples of ABl annealed prior to deformation 
do not show exsolution lamellae and the dislocations appear twice as 
long. High temperature annealing of ABl resulted in reabsorption of the 
exsolution lamellae and disordering of the tetrahedral sites. The 
exsolution lamellae which lie near (081) block the glide path for the 
dominate slip systems, pinning the dislocations. These exsolution 
lamellae are eliminated as barriers to slip on the dominate slip system 
by high temperature annealing. 
The mechanical data for samples deformed at 800 °C appear to be 
inconsistent with TEM observations. Samples annealed at T > 900 °C and 
then deformed at 800 °C show a higher strength than those deformed at 
800 °C without annealing. TEM shows some degree of intracrystalline 
slip for the annealed samples but only fracturing for the non-annealed 
samples. Samples annealed at high T showed less fracturing than those 
not annealed. The higher strengths for the annealed samples is most 
likely due to healing of microfractures and possibly further drying of 
the samples during annealing, reducing SCC, Higher strengths for 
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annealed quartzite, in particular samples with added water, were seen by 
Kronenberg and Tullis (1984). 
Effects of Water 
The addition of water greatly reduces the strength of the crystal, 
regardless of orientation. Dehydration of talc releases enough water to 
reduce the effective confining pressure, enhancing fracturing 
(Kronenberg and Tullis, 1984). Water is believed to weaken the 
tetrahedral bonds, decreasing the Peierls force for dislocation movement 
(Griggs, 1967; Hobbs, 1984). Water also increases the rate of 
disordering in albite (McConnell and McKie, 1960; Smith, 1974; Mason, 
1979). 
Samples deformed in the talc assemblies at T > 800 °C show similar 
features regardless of orientation. This is consistent with 
experimentally deformed polycrystalline labradorite (Seifert and 
Verploeg, 1977). Fracturing occurs in all samples, even where partial 
melting has occurred. Samples of sodic plagioclase all show full 
disordering, even for short run times at 800 °C, similar to that seen in 
labradorite by Seifert (1973). The larger crystal fragments show 
deformation features similar to those seen in dry crystals deformed at T 
> 900 °C. The matrix surrounding the clasts appears to be 
recrystallized. Deformation twinning was not observed in either 
orientation. 
The lower strength in the talc assembly samples can be attributed 
to the increased fracturing as a result of the high water pressure and 
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to hydrolytic weakening of the tetrahedral bonds (Griggs, 1967; Blacic, 
1972; Hobbs, 1981,1984). Although TEM analysis of the wet samples was 
not performed, the deformation features observed optically are identical 
to those seen in the dry samples deformed at 100 to 200 °C higher 
temperatures. Presence of a fluid phase during natural deformation can 
have a profound effect on the mechanisms of deformation of feldspars 
(Goldsmith, 1982). 
Naturally Deformed Rocks 
It is difficult to extrapolate experimental conditions of pressure, 
temperature, and strain rate of experimentally deformed minerals to 
evaluate deformation under natural conditions. The presence of fluids, 
especially water, and very slow strain rates (10"^^ to 10"^^ s"^, 
Carter, 1976) allows plastic deformation to occur in nature at 
temperatures much lower than seen experimentally. Experiments enable 
replication of deformation processes seen in nature, but the higher 
strain rates must be compensated by using higher temperatures and 
pressures. 
Vernon (1975) reported kinking, deformation bands parallel to 
(001), elongate subgrains parallel to the deformation bands, and 
recrystallization occurring in naturally deformed plagioclase (An^g). 
Seifert (1965) observed similar deformation bands in albite. The 
kinking and deformation bands reported are similar to those seen in this 
study. Albite deformation twinning postdated the formation of the 
deformation bands in Vernon's study while the albite twins predated the 
76 
deformation bands in Seifert's study. White (1975) analyzed the 
microstructure of an oligoclase (approximately Angg) deformed at lower 
amphibolite facies. SADP's of the Angg sample revealed weak e and f 
reflections (characteristic of a superlattice containing II anorthite) 
not seen in the oligoclase in this study. White proposed three possible 
slip planes; (100), (010), and (001). The high dislocation densities 
seen along the margin of the porphyroblasts, lack of subgrain 
development, and deformation twins (dominantly albite) in the interior 
of the porphyroblasts indicated that cross slip was difficult, probably 
due to the presence of twins and the anti-phase domains. Marshall and 
Wilson (1976) reported a ductily deformed and recrystallized albite in a 
quartz-feldspar pegmatite deformed in a shear zone at upper greenschist 
facies. Recrystallization occurred by subgrain rotation due to climb of 
dislocations. Deformation twinning was not observed. Their inference 
that [100] was the dominant Burgers vector is at variance with this 
study. The slip systems determined by Olsen and Kohlstedt (1984) for 
naturally deformed intermediate plagioclases compare well with those 
determined in this study. The dominant slip system is the (010)[001]. 
Brown and Macaudiere (1986) noticed deformation twinning in 
intermediate plagioclases during low P and T brittle deformation. 
Dislocations were not observed with these twins and they were postulated 
to have nucleated homogeneously. Coherent exsolution lamellae were not 
believed to be significant barriers to mechanical twinning. Olsen and 
Kohlstedt (1985) reported that plagioclases deformed under lower 
granulite facies showed evidence of intracrystalline slip, dominantly 
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(010)[001], and deformation twinning, predominantly on the alblte twin 
law. Dislocations were not associated with the deformation twins. The 
twins appear to pre- and post-date ductile features, but were not 
concurrent. 
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CONCLUSIONS 
The micromechanisms of deformation in sodic plagioclases are a 
result of a complex interaction between chemical environment, 
principally H2O, structural state, and temperature. Structural state 
changes are a complex function of the chemical environment, pressure, 
temperature, and time (Goldsmith, 1987). Deformation enhances the 
disordering process. The onset of intracrystalline plasticity occurs at 
850 °C for dry single crystals of oligoclase. For T < 800 °C and low 
structural state sodic plagioclase, deformation occurs by cleavage 
fracture and cataclasis. For ordered crystals, deformation twinning is 
not possible (Laves, 1952, 1965). Deformation twinning occurs, 
predominantly according to the albite twin law, for disordered samples 
properly oriented to the twinning direction for T < 800 °C. 
Dislocations are not observed associated with deformation twins. The 
CRSS for deformation twinning is estimated to be 200 MPa. The onset of 
intracrystalline slip at T > 800 °C precludes the formation of 
deformation twins, even in disordered samples favorably oriented to 
twinning. Since dislocation mobility is temperature dependent, it is 
postulated that at T > 800 °C, the Peierls force for dislocations is 
lower than the CRSS for twinning, and slip is energetically favored. 
Intracrystalline slip was predominantly observed on the (010)[001], 
(010)[101], (110)[001] and (001)1/2[110] systems. Slip is inhibited by 
the exsolution lamellae in ordered or partially ordered oligoclase. The 
high strength of most naturally deformed plagioclases at intermediate 
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metamorphic faciès may be due in part to exsolution lamellae, twins, and 
anti-phase domains which inhibit dislocation movement. Long Burgers 
vectors and low stacking fault energies also contribute to the high 
strength of plagioclase. 
Water greatly reduces the strength of plagioclase and increases the 
kinetics of disordering. The high degree of cataclasis seen in the 
unjacketed samples deformed in the talc assemblies is due to a high 
Pjj20' Ths same deformation mechanisms are active in the wet samples at 
temperatures 100 to 200 °C lower than dry samples. 
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SECTION III. 
DEFORMATION ENHANCED DISORDERING 
IN TWO SODIC PLAGIOCLASES 
81 
ABSTRACT 
Two single crystals of sodic plagioclase (An^ and An^g) were 
deformed both at constant strain rates (8 x 10"^ and 8 x 10 s'^) and 
hydrostatically at 1.0 GPa confining pressure. The rate of disordering 
was found to be higher during deformation compared to hydrostatic 
experiments for the same temperatures for both crystals. The rate of 
disordering increases with increasing temperature and strain rate. 
Crystallographic orientation has no apparent effect on the rate of 
disordering. The increase in the rate of disordering due to deformation 
is attributed to an increase in dislocation density resulting in an 
increase in the contribution due to pipe diffusion (dislocation-assisted 
diffusion). The activation energy for disordering is similar to the 
activation energy for dislocation creep, suggesting that the Al/Si 
interchange is the rate controlling process for dislocation creep. 
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INTRODUCTION 
It is well established that many parameters affect the rate of 
disordering in feldspars. These include chemical environment (Smith, 
1974; Mason, 1979; Goldsmith, 1986, 1987), deformation (Yund and Tullis, 
1980) , particle size (Sipling and Yund, 1974), and pressure and 
temperature (Goldsmith and Jenkins, 1985a). Experiments were carried 
out on two different single crystal sodic plagioclases (An^ and An^g) at 
constant strain rates and hydrostatically at 1.0 GPa confining pressure, 
at temperatures from 800 to 1000 °C, in two crystallographic 
orientations, one favoring and the other opposing deformation twinning 
(Borg and Handin, 1966; Borg and Heard, 1969, 1970). The objectives of 
these experiments were to quantify the effect of deformation on the rate 
of disordering, determine the mechanism of enhanced disordering during 
deformation, and to see if crystallographic orientation influences the 
disordering process. 
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APPROACH 
Oriented cores cut along axes bisecting the acute and obtuse angles 
between the (010) and (001) cleavage planes and normal to the a-axis 
were taken from two single crystals of low structural state sodic 
plagioclases (An^ and An^^g). The ends of the cores were lapped with 600 
grit silicon carbide, cleaned, and then dried in an oven at 160 °C for 
24 hours prior to deformation. In the dry experiments, cores were 
placed in Ni jackets then inserted into BN inner sleeves. For the wet 
experiments, unjacketed cores were placed in a talc-only sample 
assembly. Samples deformed in the Griggs constant-strain-rate apparatus 
were approximately 7 mm in length; the samples annealed hydrostatically 
in a piston-cylinder apparatus were 4 mm in length. All cores were 3 mm 
in diameter. Experiments were performed dry at 1,0 GPa confining 
pressure and a constant temperature and strain rate. The strain rate 
for the deformation experiments was 8 x 10"^ or 8 x 10"® s"^. Due to 
thermal gradients in the sample assembly of the Griggs apparatus, only 
the central third was within 50 °C of the measured temperature (Kramer, 
1986). Temperature was maintained to within + 10 °C for the Griggs 
apparatus and + 2 °C for the piston-cylinder apparatus. 
Deformed cores were cut along the axis of the cylinder and normal 
to the a-axis. One half was used to make optical and transmission 
electron microscopy (TEM) sections while the high temperature central 
portion of the other half was used for X-ray diffraction (XRD) analysis. 
Structural state was determined by both XRD (using the 2© 131 - 20 131 
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method, denoted A131, see Kroll, 1983) and optically using the ZVg 
method (Slemmons, 1962). 
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STARTING MATERIAL 
Two sodlc plagioclases were investigated. ABl is an oligoclase 
(Anj^g) with a low structural state (A131 - 1.45). Albite twins 0.1 mm 
in width are randomly distributed throughout the crystal. This crystal 
has some inclusions of muscovite which were usually easy to avoid in the 
cores. TEM of the undeformed ABl reveals the presence of irregular 
exsolution lamellae (081) 30 nm wide. No deformation features were 
C O 
observed. Dislocation density is less than 10 cm" . AB2 is a low 
structural state optically translucent Amelia albite (A131 - 1.1) (An^) 
with some randomly distributed albite twins up to 1 mm wide. 
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OBSERVATIONS 
The experiments on ABl and AB2 show that the rate of disordering, 
measured by the difference in A131 at the end of the experiments 
to the initial Al31 divided by the run time in hours (5Al31/hr), was 
faster in the deformation experiments, regardless of crystallographic 
orientation, compared to the hydrostatic experiments (Table 1). These 
data are presented graphically in Figure la and lb along with previously 
published disordering rate data for polycrystalline Hale albite deformed 
at 1.0 GPa confining pressure at a strain rate of 10"^ s'^ (Yund and 
Tullis, 1980). The slopes of the disordering curves for ABl and AB2 are 
very similar but they have different intercepts, suggesting a very 
similar temperature dependence on the rate of disordering. Both 
crystals show an increase in the disordering rate with increasing strain 
rate. Crystallographic orientation has no apparent effect on the 
disordering rate for either sample during deformation. 
Disordering is a diffusional process that is thermally activated 
(Smith, 1974, 1983, 1985). The rate of disordering follows an Arrhenius 
relation and is given by; 
B(5Al31/hr) - Bg exp(B*/RT) (1) 
where B^ and B* are constants for each of the crystals and experimental 
conditions determined by confining pressure, chemistry, and strain rate 
(Goldsmith, 1987; Yund and Tullis, 1980), R is the gas constant, and T 
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is the temperature in degrees Kelvin. The values for and B* are 
given in Table 2. The high standard error for the activation energies 
given in Table 2 is mainly due to the uncertainty in the measured 
temperatures. 
Water greatly increases the disordering rate (Mason, 1979; Seifert, 
1973; Yund and Tullis, 1980). ABl deformed unjacketed in talc 
assemblies shows an extremely rapid disordering rate. Although the 
exact amount of water interacting with the sample is uncertain, the 
upper limit is the amount of water released though dehydration of the 
talc (0.01 to 0.02 g). At 1000 °C and 1.0 GPa, enough water was 
released from the talc to cause melting of ABl. Meaningful disordering 
rates for these wet runs could not be determined since ABl disordered in 
less time than it took to complete a deformation experiment even at the 
fastest strain rate for T > 900 °C. 
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Table 1. Disordering experiments for two sodic plagioclases. All 
experiments were performed at 1.0 GPa. Deformation 
experiments were performed at a constant strain rate of 8 x 
10' or 8 X 10" s* . The first three letters of the run # 
represent the crystal, the last letter represents the 
orientation. A - anti-twinning orientation, B = twinning 
orientation, and H - hydrostatic 
run # T (°C) A131 time 
(hrs) 
5A131 comments 
ABl-352-A^ 800 1 .48 2 0 .015 
AB1-407-A 800(?) 1 .47 5 .75 0 .004 
ABl-387-B^ 800 1 .46 1 .35 0 .007 
ABl-389-B^ 800 1 .85 2 .4 0 .314 
AB1-408-B 800 1, .48 7 ,25 0 .004 
AB1-428-H 800 1 .53 72 .0 0 .001 
AB2-427-A 800 1, .15 7, .0 0 .007 
AB2-429-B 800 1, ,13 4, ,5 0 .007 
AB2-425-H 840 1. ,90 192, ,0 0 ,004 
ABl-386-A^ 900(?) 1, ,60 1. ,35 0 ,111 
AB1-403-A 900 1. 85 6 0, ,067 
AB1-405-A 900 1. ,87 7 0, ,060 
AB2-411-A 900 1. ,9 6 0, ,133 
AB2-413-A 900 1, ,87 6 0. ,128 
AB1-383-B* 900 1. ,62 1. 65 0, ,103 
ABl-390-B^ 900 1. 95 1. 5 0. ,333 
AB1-397-B 900-(?) 1. 75 8 0, ,038 
AB1-399-B 900 1. 9 7 0. 064 
AB2-406-B 900 1. 90 7 0. 114 
AB1-426-H 920 1. 90 10 0, 045 
AB2-423-H 900 1. 59 12 0. 041 
AB1-401-B 1000(?) 1. 95 4 0. 125 
talc assembly 
talc assembly 
^ Indicates a strain-rate of 8 x 10"^ s"^. 
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Figure la. Disordering rates for ABl under dry conditions. Data are 
given in Table 1 
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Figure lb. Disordering rates for AB2 under dry conditions. Data are 
given in Table 1. Data for the line labeled 10" s" are 
from polycrystalline Hale albite (Yund and Tullis, 1980) 
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Table 2. Disordering rate constants for data in Table 1 
fitted to equation (1). Standard error for B is + 15 x 
10 cal/mole based on a temperature uncertainty of + 10 °C 
crystal i(s-l) Bo B* 
(cal/mole) 
ABl 
ABl 
ABl 
8 X 10-5 
8 X lO 'G 
hydrostatic 
3 
7 
1 
: 
X lol j  
-66.64 X 10^ 
-70.56 X 103 
-78.43 X 10^ 
CM 
CV
J 8 X lO'G 
hydrostatic 
4 
6 
-72.61 X 10^ 
-75.78 X 103 
Hale* lO'G 2 X lO^l -67.20 X 10^ + 10'^ 
^ From Yund and Tullis (1980). 
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DISCUSSION 
Yund and Tullis (1980) showed that the rate of albite disordering 
could be enhanced by increasing confining pressure, increasing water 
content, and simultaneous deformation. The effect of pressure on the 
kinetics of disordering was investigated more fully by Goldsmith (1987) . 
Yund and Tullis proposed that the increase in the disordering rate in 
deformed albite rock was a result of an increase in atomic mobility 
around the dislocation cores (pipe diffusion). The dislocation cores 
provide a pathway for increased migration of cations (Cohen, 1970). 
The data presented in Table 1 show that rate of disordering 
increases as temperature or strain rate increases for ABl. If Yund and 
Tullis' data for Hale albite deformed at a constant strain-rate of 10"^ 
s"^ is added to the data presented in this paper (which appears 
justified since they showed that Hale albite and Amelia albite have 
identical disordering rates at 1 atmosphere), higher disordering rates 
for the faster strain rates are valid for both samples. Yund and Tullis 
(1980) showed that the rate of disordering for polycrystalline Hale 
albite increases with increasing strain rate, but these experiments were 
only performed at one temperature (800 °C) for a confining pressure of 
1.5 GPa. 
The dependence of disordering rate on strain rate supports some 
type of dislocation-enhanced diffusion. If Orowan's equation is valid, 
Ê - bvp ( 2 )  
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where b is the Burgers vector, v is the average dislocation velocity, 
and p is the dislocation density, then the increase in Al/Si interchange 
is either due to the increase in dislocation velocity, which would 
increase the random walk effect (Cohen, 1970), or an increase in 
dislocation density, which would allow for more pipe diffusion. 
Dislocation density increases with increasing strain rate for ABl 
deformed at 900 °C. For a strain rate of 8x10"^ s"^,p= 1.5 x 10^ cm'^ 
and for a strain rate of 8x10'^ s'^, p= 1 x 10®. These data suggest 
that the increase in the rate of disordering for increasing strain rate 
is due to an increase in the contribution due to pipe diffusion 
resulting from higher dislocation densities. The increase in 
diffusivity due to dislocations was termed dislocation-assisted 
uiffusivity (D^) by Cohen (1970), 
Da - Dl + DpAp, (3) 
where is the lattice diffusivity, is the diffusional cross section 
of the dislocation, and Dp is the diffusivity of the dislocation pipe. 
If the increase in interdiffusion of Al/Si is due to an increase in 
dislocation density, the lack of a crystallographic effect on the rate 
of disordering in the central portions of the deformed single crystals 
can be explained by the nearly identical Schmidt Factors for the slip 
systems operating in these crystals for the two orientations 
investigated (see Table 3, Section II). 
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For ceramics deformed in the dislocation creep regime, it is 
assumed that the activation energy for creep is equal to the activation 
energy for diffusion of the slowest diffusing species (Poirier, 1985). 
If Al/Si interchange is the rate controlling process for dislocation 
creep in plagioclase, the activation energy for disordering would be 
equivalent to the activation energy of dislocation creep (Yund and 
Tullis, 1980). The activation energy term (Q) for dislocation creep 
given in the Dorn equation, 
V^expC-Q/RT) (4) 
would then be equivalent to the activation energy term for disordering 
(B*(8Al31/hr)) in equation (1). Experimentally determined activation 
energy for dislocation creep of dry polycrystalline albite is 
approximately 56 kcal/mole for a confining pressure of 1.5 Gpa and 
temperatures up to 1100 °C (Shelton and Tullis, 1981; Gandais and 
Willaime, 1983). The activation energy for creep is lower than the 
values for Al/Si interdiffusion presented in Table 2 for a confining 
pressure of 1,0 GPa. Figure 2 shows that the activation energy for 
disordering of Goldsmith's (1987) Clear Creek albite decreases as 
pressure increases from 1.0 to 1.5 GPa. Assuming that Al/Si 
interdiffusion is the rate controlling process, the lower activation 
energy for creep determined experimentally at 1.5 GPa compared to the 
activation energy of Al/Si interdiffusion at 1.0 GPa is expected since 
the activation energy for disordering decreases with increasing 
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Figure 2. Disordering rate data for Clear Creek albite hydrostatically 
annealed (Goldsmith, 1987) showing the pressure dependence on 
the activation energy for disordering 
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pressure. An exact pressure correction cannot be applied to the data in 
Table 2 since Clear Creek albite is less refractory than Amelia albite 
(Goldsmith, 1987). The activation energy for Al/Si interchange given in 
Table 2 appears consistent with the activation energy for diffusion 
controlled dislocation creep with diffusion of Al/Si as the rate 
controlling process. 
Although these experiments have high homologous temperatures (T/T^^) 
of 0.67 to 0.79, the onset of dislocation creep occurs near 850 °C (T/T^ 
- 0.70) (Tullis and Yund, 1987; Kramer and Seifert, 1988). The high 
homologous temperature for the onset of dislocation creep is attributed 
to the long Burgers vectors and low stacking fault energy which makes 
cross slip of the dislocations difficult (Marshall and McLaren, 1977; 
Olsen and Kohlstedt, 1985). The 800 °C disordering-rate data in Table 1 
can approximate that expected for diffusion-controlled dislocation 
creep if it is assumed that pipe diffusion becomes important at this 
lower temperature (Sherby and Weertman, 1979) . 
The data presented in Figures la and lb suggest that although 
dislocation-assisted diffusion is an important phenomenon for 
experimentally deformed plagioclase, its contribution to enhancing the 
rate of disordering would be negligible at geological strain rates 
(10"^^ to 10"^^ s'^). A similar conclusion was reached for dislocation-
assisted diffusion of oxygen in albite by Yund et al. (1981). More 
experiments at slower strain rates are necessary to determine how 
rapidly the disordering rate lines approach the hydrostatic limit. 
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CONCLUSIONS 
Deformation enhances the rate of disordering in sodic plagioclases 
with the disordering rate increasing with increasing temperature and 
strain rate. The increase in the rate of disordering due to deformation 
is attributed to an increase in dislocation density resulting in an 
increase in the contribution due to pipe diffusion (dislocation-assisted 
diffusion). The lack of crystallographic control on the rate of 
disordering is attributed to the nearly identical Schmidt Factors of 
the slip systems operating for the two crystallographic orientations 
investigated. The activation energy for disordering is similar to the 
activation energy for dislocation creep, suggesting that the Al/Si 
interchange is the rate controlling process for dislocation creep. 
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SECTION IV. 
EXPERIMENTALLY INDUCED DEFORMATION TWINNING 
IN SODIC PLAGIOCLASE 
99 
ABSTRACT 
Pseudo-albite and pseudo-pericline deformation twins have been 
formed in experimentally deformed single crystal sodic plagioclases (An^ 
and An^g). These pseudo-twins only formed in the transition region 
between high and low structural states in crystals oriented to favor 
deformation twinning. Transmission electron microscopy (TEM) shows that 
these pseudo-twins formed by simple lattice shear with no associated 
dislocations. It is postulated that the strain energy in the sheared 
lattice provides the extra energy for interdiffusion of the Al and Si 
cations resulting in a fully disordered twin juxtaposed to the partially 
ordered matrix. The tetrahedral sites lack topological symmetry across 
the twinning planes. These experimentally-produced pseudo-twins provide 
a model with which to explain the occurrence of deformation twinning in 
partially ordered, naturally deformed sodic plagioclases. 
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INTRODUCTION 
Disordering is theoretically necessary in order for deformation 
twinning to occur in the sodic plagioclases (Laves, 1952, 1965). 
However, Vance (1961), Seifert (1964, 1965), and Vogel and Seifert 
(1965) presented examples of naturally deformed sodic plagioclases which 
may have twinned in the ordered state. Deformation twins in disordered 
plagioclases involve some shuffling of atoms (Starkey, 1964), which is 
expected for crystals with complex motifs (Jaswon and Dove, 1960). 
Ignoring the slight shuffling of atoms, deformation twinning in ordered 
sodic plagioclases is expected to be energetically unfavorable since the 
sense of shear in the twinned unit cell places the T^O atom (Al^"*") into 
the T^m position, which is occupied by Si^"*" (termed anti-ordered by 
Smith, 1987). In addition, such structures could not be true twins 
since the twinning direction (n^) would not be a rotational axis for the 
pericline twin and the twin plane (K^) would not be a mirror plane for 
the albite twin (Figure 1). 
In performing deformation experiments on single crystal sodic 
plagioclase feldspars, it was observed that features resembling 
deformation twins were produced in the transition region between high 
and low structural states, but only in crystals favorably oriented for 
deformation twinning. These twin-like features have the same 
crystallographic elements as albite and pericline twins, but the twin 
and the matrix have different birefringences due to different structural 
states. This paper will not discuss the details of the experiments, 
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which are reported elsewhere, but will present data which show that 
pseudo-twins (Laves, 1974) have been produced by simple lattice shear in 
the twinning direction in partially disordered sodic plagioclase. 
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twinned cell 
pericline 
twin 
RS 
albite twin unit cell 
Projection of the tetrahedral rings of ordered albite 
onto the shear plane for albite and pericline twinning 
showing the sense of shear for deformation twinning. The 
solid circle represents Al and the open circles represent 
Si (from Starkey, 1964) 
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APPROACH 
Oriented cores cut along axes bisecting the acute and obtuse angles 
between the (010) and (001) cleavage planes and normal to the a-axis 
were taken from single crystal low structural state sodic plagioclases 
(Anj^ and An^g) then deformed in a modified small Griggs (Kramer, 1986) 
constant strain rate apparatus at 1.0 GPa confining pressure. The 
experiments of interest were performed dry, at 900 °C with a strain rate 
of 8 X 10'^ s"^. Due to the thermal gradients inherent in this 
apparatus, only the central third of the sample was within 50 °G of the 
measured temperature. The coring directions represent the twinning and 
anti-twinning orientations respectively (Borg and Handin, 1966; Borg and 
Heard, 1970). One half of the sample was used to make optical and 
transmission electron microscopy (TEM) sections while the central high-
temperature region of the other half was used for X-ray diffraction 
(XRD) analysis. Structural state was determined by both XRD (using the 
20131 - 20131 method, denoted A131, see Kroll, 1983) and optically using 
the 2V2 method (Slemmons, 1962). 
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STARTING MATERIAL 
Two sodlc plagioclases were investigated. ABl is an oligoclase 
(An^g) in a low structural state (Al31 - 1.45). Albite twins (0.1 mm in 
width) are randomly distributed throughout the crystal. This crystal 
has some inclusions of muscovite which were usually easy to avoid in 
cores. TEM of the undeformed ABl reveals the presence of irregular 
lamellae (081) 30 nm wide. No other deformation features were observed. 
Since no dislocations were observed, the dislocation density is assumed 
to be less than 10^ cm"^. AB2 is a low structural state Amelia albite (A 
131 - 1.1) (An^) with some randomly distributed albite twins up to 1 mm 
wide. 
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OBSERVATIONS 
Pétrographie analysis of the cores deformed at 900 °C with no 
annealing shows distinct morphological differences between the 
crystallographic orientations not detected by X-ray analysis. The 
central high temperature portion of the cores shows nearly full 
disordering based on XRD and optical measurements with the rate of 
disordering in this central region identical for both crystallographic 
orientations (see section III). The region of lower birefringence, 
which is a good visual indicator for high albite when the thin-section 
is normal to the a-axis, is more distinct in the twinning (B) 
orientation than in the anti-twinning (A) orientation (Figure 2a and 
2b). The transition in the B orientation, while irregular, is distinct 
with a serrated boundary in which the serrations follow the twin planes 
for albite and pericline twins in ABl and only the albite twin plane in 
AB2 (Figure 2c). These twin planes are curved in a direction consistent 
with the axial compression. The transition region between high and low 
structural states in the A orientation is irregular, even patchy, and 
shows no discernible crystallographic influence (Figure 2d). Measured 
27^ angles for the transition regions show differences of only 10 to 20° 
between the regions of high and low birefringence. The values for 27^ 
are consistently intermediate between those published for high and low 
plagioclase (Slemmons, 1962). 
The twin plane for pericline twinning is the rhombic section (RS), 
which varies with order-disorder and composition (Smith, 1974). This 
Figure 2a. Region of disordering in AB2 for the twinning orientation. The arrow 
represents the direction of axial loading 
Figure 2b. Region of disordering in AB2 for the anti-twinning orientation 
Figure 2c. Transition between high and low structural states for the twinning orientation 
Figure 2d. Transition between high and low structural states for the anti-twinning 
orientation 
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irrational plane varies from approximately 40° to 10° from the (001) for 
ordered An^^ and An^g respectively, to nearly parallel to the (001) for 
the disordered state in both crystals. No pericline twins suitable to 
determine the orientation of the RS were seen in AB2 deformed in the 
twinning orientation, but those observed in ABl varied from 8 to 10°, 
which indicates only a slight amount of disordering. 
TEM of ABl deformed at 900 °C in the twinning orientation with no 
annealing shows regions displaying exsolution lamellae characteristic of 
the undeformed low structural state juxtaposed to regions free of 
exsolution lamellae (Figure 3a). Regions free of exsolution lamellae 
are expected where solid state transformation to high albite has 
occurred (Yund, 1983). On the basis of selected area diffraction 
patterns (SADP), it was determined that true twins have formed in the 
region free of exsolution lamellae (Figure 3b). Regions with exsolution 
lamellae also show domains exhibiting simple shear with no dislocations 
(Figure 3a and 3c). Convergent beam diffraction patterns (CBDP) of the 
boundary between these twin-like domaii:s show that the two regions are 
related by simple shear, dominantly (010), approximately in the [001] 
direction (albite twin law) (Figure 3d). The exsolution lamellae appear 
bent in the direction of shear given above. The CBDP of these twin-like 
domains show that the amount of shear is 1 to 3 degrees less than that 
expected for albite twinning. 
Figure 3a. TEM micrograph of ABl showing regions with exsolution lamellae juxtaposed to 
regions free of exsolution lamellae (upper left-hand corner) 
Figure 3b. SADP of the twins in the region free of exsolution lamellae 
Figure 3c. TEM micrograph of the region with exsolution lamellae shown in figure 3a 
Figure 3d. CBDP of the pseudo-twin boundary. Exsolution lamellae seen only in the matrix 
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DISCUSSION 
Deformation Twinning in Disordered Sodic Plagioclase 
The discussion of twinning elements will follow that of Christian 
(1965) (Figure 4). Deformation twinning involves simple shear of the 
crystal lattice in the direction of nj^ in the twin plane K^. The second 
undistorted plane is the K2 plane. The plane of shear, P, is defined by 
the traces of n^ in and n2 in K2. If and n2 are rational, it is 
a type I twin (normal), and if K2 and n^ are rational, it is a type II 
twin (parallel). In sodic plagioclase, the albite twin is the normal 
twin while the pericline twin is a parallel twin. For a normal twin, 
the twin replicates the matrix by a 180° rotation about a normal to 
and parallel twin replicates the matrix by a 180° rotation about n^. 
The magnitude of the shear is given by 
S - 2 cot(n-[^K2) - 2 tan(nj^K2) - 2 tan(n2K2) (1) 
(Jaswon and Dove, 1960). 
Twins in metals and silicates form at lower temperatures and higher 
strain rates than dislocation creep (Christian, 1965; Tullis, 1980; 
Kolle and Blacic, 1982). This general observation holds true for the 
sodic plagioclases, where the onset of plastic deformation occurs at 850 
°C at 1.0 GPa confining pressure (Kramer and Seifert, 1988; Tullis and 
Yund, 1987). Kramer and Seifert (1988) showed that deformation twinning 
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could occur in fully disordered dry sodic plagioclase for T < 900 °C 
properly oriented for twinning. For small strains ( <7%) the energy 
for twin formation is lower than the energy necessary for creating new 
surfaces, thus twinning is energetically favorable in a crystal properly 
oriented to the stress field. Once the amount of strain accommodated by 
twinning is exceeded, the crystal must fracture. For T > 900 °C, only 
dislocation creep was observed. Since dislocation creep is a thermally 
activated process, at lower T the energy necessary to generate 
dislocations exceeds the energy to form twins and twinning is 
energetically favored. At higher T dislocations are easier to generate, 
and the crystal deforms by dislocation creep. 
The positions of the atoms moved by simple shear can be calculated 
by applying equation (1) to the known atomic positions for high albite 
using the twin elements in Table 1.. These sheared positions do not 
correspond to the exact atomic positions generated by rotation or 
reflection of the matrix for the albite and pericline twin laws 
necessary for a true twin (Table 2). This shuffling of atoms to 
generate the twin element is discussed in greater detail by Christian 
(1965) and is shown schematically in Figure 5 for a diatomic motif. 
This shuffling of atoms is a diffusional process in which the applied 
stress provides the driving force for self-diffusion (Starkey, 1964; 
Manning, 1973). There is still some controversy whether dislocations 
play a role in twin formation and propagation, particularly in silicates 
(Cahn, 1964; Christian, 1965; Kolle and Blacic, 1984; Brown and 
Macaudiere, 1986). 
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Table 1, Twinning elements for albite and pericline twins 
Albite Twin Pericline Twin 
KÎ 
irrational 
{010} 
<010> 
rhombic section 
% <010> rhombic section irrational (010) 
0.14 0.14 
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Table 2. Positions of tetrahedral atoms for high albite before and 
after simple shear according to the albite twin. The last 
three columns are the amount of shuffling (in &) necessary to 
form a true twin. Initial atomic positions from Ribbe et al. 
(1969)  
Initial Positions 
atom 
Ti(0) 
Ti(m) 
T2(0) 
TgCm) 
atom 
Tl(0) 
Ti(m) 
TgCO) 
TgCm) 
X 
0.0090 
0 .0048 
0 .6908 
0 .6854 
Y 
0.1652 
0 .8146 
0 .1083 
0 .8776 
Z 
0.2154 
0 .2288 
0 .3208 
0 .3533 
After Slnple Shear 
X' Y' Z* 
0.0067 0 .1652 0 .2492 
0 .0065 0 .8146 0 .3955 
0 .6893 0 .1083 0 .6893 
0 .6733 0 .8776 0 .6733 
Diffusion Required (8) 
atom dX dY dZ 
Ti(0)  -0 .03  0 .26  0 .10  
Ti(m)  0 .03  -0 .26  -0 .10  
T2(0)  -0 .04  0 .18  0 .23  
TgCm) 0 .04  -0 .18  -0 .23  
Figure 5. Simple shear resulting in a twin for a diatomic motif. The M represents the 
matrix unit cell and the T the twinned unit cell. Note that shuffling of atoms 
is necessary to form a true twin. There are two possible diffusion paths for 
the diatomic motif, labeled X and Y (Christian, 1965) 
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The release of strain energy due to shearing of a crystal lattice 
can follow a number of paths. If the strain energy is stored by the 
crystal as elastic strain energy and is then released when the stress 
is removed, the crystal reverts to the matrix configuration (an elastic 
twin) (Mvigge and Heide, 1931; Starkey and Brown, 1964). Theoretically, 
no plastic deformation should occur when an elastic twin is released, 
yet Marshall and McLaren (1977c) did observe some residual strain 
consistent with relaxed elastic twins in experimentally deformed albite. 
If the crystal fractures, the strain energy is converted into surface 
energy by forming new surfaces. If dislocations are produced, the 
strain energy is converted into plastic deformation (Hull and Bacon, 
1984). Lastly, the atoms in the strained lattice could diffuse to lower 
energy positions (shuffle), forming a deformation twin. In order for 
the twin to form, the energy of self-diffusion necessary to form a twin 
must be lower than the elastic strain energy attempting to restore the 
crystal, the energy needed to create new surfaces, or the Peierls force 
necessary to move dislocations the necessary distance. In ordered sodic 
plagioclases, the Al^^ atom must diffuse 2 - 3 S to achieve the proper 
topological configuration of a twin (Figure 1), an order of magnitude 
greater distance than the tetrahedral atoms must diffuse in the 
disordered crystal to form a twin (Table 2). The energy to form new 
surfaces must be intermediate between the energy of self-diffusion 
necessary to form the twin in the disordered state and the ordered state 
since the crystal twins if it is disordered and fractures if it is 
ordered (Kramer and Seifert, 1988). 
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Deformation Twinning in Partially Disordered Plagioclase 
The previous arguments show that deformation twinning is not 
energetically favored in ordered sodic plagioclases, yet deformation 
twinning has been observed in a nearly ordered sodic plagioclase 
(Seifert, 1964) and ordered intermediate plagioclases (Vogel, 1964; 
Vogel and Seifert, 1965). The structural state of the crystal at the 
time of twin formation is based on the rhombic section, which varies with 
temperature for a given composition (Smith, 1974). However, it was 
noted that the rhombic section corresponded to the structural state of 
the matrix, not the twin, in the experimentally deformed plagioclase. 
Thus the rhombic section may not indicate the structural state of the 
pericline twin. 
The experimental data in this study support a model that is similar 
to Laves' (1974) proposed martensitic deformation as a mechanism for the 
twin-like elements (pseudo-twins) formed during deformation of ordered 
plagioclases. He postulated that there are disordered domains (due to 
stress) within an ordered crystal which twin, then rearrange to the 
ordered state over geological time. It is hypothesized that in the 
partially disordered crystal favorably oriented to twinning, the 
additional energy supplied by straining the lattice enables enough 
diffusion of the tetrahedral cations to form the more stable disordered 
twin. The matrix, not undergoing this shear, does not experience 
additional disordering. This results in a topological discrepancy 
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between the matrix and the twin. The twinning elements will reflect the 
structure of the crystal at the partially disordered state, yet they are 
not true twins since there is not a topological symmetry of the atomic 
positions. These are the features seen in Figures 2c, 3a, and 3c. 
During slow cooling over geological times, both matrix and the twin 
order to give the appearance that deformation twinning was produced in 
the ordered or partially ordered state. 
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CONCLUSIONS 
Pseudo-albite and pseudo-pericline deformation twins have been 
formed in experimentally deformed single crystal sodic plagioclases (An^ 
and Anj^g). These pseudo-twins only formed in the transition region 
between high and low structural states in crystals oriented to favor 
deformation twinning. TEM shows that these pseudo-twins formed by 
simple lattice shear with no associated dislocations. It is postulated 
that the strain energy in the sheared lattice provides the extra energy 
for interdiffusion of the Al and Si cations, resulting in a fully 
disordered twin juxtaposed to the partially ordered matrix. The 
tetrahedral sites lack topological symmetry across the twinning planes. 
These experimentally produced pseudo-twins support Laves' (1974) 
martensitic model of deformation twin formation. Strain energy in the 
sheared lattice provides the additional energy necessary to disorder the 
twin although the matrix does not undergo this additional disordering. 
Over geological time, the crystal reorders, giving the appearance of 
twinning in the ordered or partially ordered state. For pericline 
twins, the planes reflect more closely the crystallographic 
orientation of the matrix, therefore the RS is not a good indicator of 
the structural state of the twin at the time of formation. 
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GENERAL SUMMARY 
The small Griggs constant strain rate apparatus has been redesigned 
to allow jacketing of the sample for control of the H2O content and to 
reduce thermal gradients. This has enabled experiments to be performed 
on single crystal sodic plagioclase (An^ and An^g) at high temperatures 
(up to 1000 °C) at 1.0 GPa confining pressure for wet and dry conditions 
and two crystallographic orientation. 
The micromechanisms of deformation in sodic plagioclases are a 
result of a complex interaction between chemical environment 
(principally H2O), structural state, and temperature. Structural state 
changes are a complex function of the chemical environment, pressure, 
temperature, and time (Goldsmith, 1987). Deformation enhances the 
disordering process but is not crystallographically controlled in these 
tests. 
The onset of intracrystalline plasticity occurs at 850 °C for dry 
single crystals of oligoclase. For T < 800 °C and low structural state 
sodic plagioclase, deformation occurs by cleavage fracture and 
cataclasis. Deformation twinning is not possible in the ordered 
crystals. Deformation twinning, predominantly according to the albite 
twin law, does occur in disordered samples properly oriented to the 
twinning direction for T < 800 °C. Dislocations are not observed 
associated with deformation twins. The CRSS for deformation twinning is 
estimated to be 200 MPa, The onset of intracrystalline slip (T > 800 
°C) precludes the formation of deformation twins, even in disordered 
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samples favorably oriented to twinning. Because dislocation mobility is 
temperature dependent, it is postulated that at T > 800 °C, the Peierls 
force for dislocations is lower than the CRSS for twinning and slip is 
energetically favored. Intracrystalline slip was predominantly observed 
on the (010)[001], (010)[101], (110)[001] and (001)1/2[110] systems. 
Slip is inhibited by the exsolution lamellae in the oligoclase which is 
not in the high structural state. The high strength of most naturally 
deformed plagioclase at intermediate metamorphic facies may be due in 
part to exsolution feature, twins, and anti-phase domains, which inhibit 
dislocation movement, as well as plagioclase's long Burgers vectors and 
low stacking fault energies, which make cross-slip difficult. 
Water greatly reduces the strength of the crystal and increases the 
rate of disordering. The high degree of cataclasis seen in the 
unjacketed samples deformed in the talc assemblies is due to a high 
Pjj20' The same deformation mechanisms are active in the wet samples at 
a temperature 100 to 200 °C lower than the dry samples. 
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